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PREFACE 


A  large  body  of  data  for  incompressible  turbulent  boundary  layers  has  been  accumulated  over  many  years  by  many 
investigators,  'rhese  measurements  have  revealed  elements  of  the  structure  of  this  complex  flow.  Three-dimensional  multiple 
scale  phenomena  have  been  observed,  and  there  is  the  beginning  of  an  understanding  of  the  details  of  the  structure  and 
physics.  This  will  lead  to  more  realistic  models  and  physical  understanding,  which  will  be  primary  inputs  into  concepts  of 
control  of  these  turbulent  boundary  layers  and  will  provide  a  framework  to  validate  computations. 

At  high  speed,  where  compressibility  is  important,  there  is  a  paucity  of  data.  The  measurements  are  difficult  to  obtain 
and  are  not  easily  analysed.  At  the  same  time,  there  appear  to  be  some  possibilities  for  simplification  inherent  in  “rapid 
distortion  theory"  where  the  turbulent  structure  may  be  “frozen"  if  the  disturbance  is  of  short  duration.  There  is  a  critical 
need  for  data  to  evaluate  this  concept,  to  provide  a  base  for  models  of  turbulence  in  compressible  flows  to  compare  with 
incompressible  flows,  to  provide  a  more  substantial  base  for  our  physical  understanding,  and  to  provide  a  framework  for  the 
evaluation  of  the  extensive  computations  which  are  currently  underway. 

The  present  AGARDograph  is  an  important  start  on  this  key  problem  of  high  speed  fluid  mechanics.  This  initial  work  is 
of  limited  range  and  primarily  two-dimensional  but  it  will  provide  a  solid  base  for  extensions,  in  the  future,  to  wider  range 
and  three-dimensional  flows.  It  should  also  provide  a  solid  base  for  the  modeller  and  the  computer  to  evaluate  their  efforts. 


Seymour  M.  Bogdonoff 
Gasdynamics  Laboratory 

Mechanical  and  Aerospace  Engineering  Department 
Princeton  University 


PREFACE 


Un  volume  de  donnees  considerable  reiatif  aux  couches  limites  tourbillonnaires  incompressibles  a  etc  accumule  au  fil 
des  annees  par  different  chercheurs. 

Les  mesures  effectuees  ont  permis  d’apprecier  certains  elements  de  la  structure  de  cet  ecoulement  complexe.  Des 
phenomenes  tridimensionneis  mulri-echefle  ont  efe  observes  et  ceux  qui  travaillent  dans  ce  domaine  commencent  a 
comprendre  le  detail  de  la  structure  et  les  lois  physiques  qui  regisscnt  ce  type  d  ecoulement.  Ccs  activites  devraient 
deboucher  sur  des  modeles  plus  representatifs  ainsi  que  sur  la  comprehension  des  phenomenes  physiques,  elements  qui  sont 
d  une  importance  capitale  pour  I’elaboration  des  concepts  de  controle  de  ces  couches  limites  tourbillonnaires.  et  qui 
devraient  servir  de  base  pour  la  validation  des  calculs. 

Tres  peu  de  donnees  sont  disponibles  concernant  les  phenomenes  observes  a  grande  vitesse.  oil  ia  compressibilite  joue 
un  role  important.  Les  mesures  sont  difficiles  a  faire  et  l'analyse  des  resultats  pose  des  problemes.  Cela  etant.  il  semblerait 
qu’il  existe  des  possibilites  de  simplification  qui  soient  propres  a  la  notion  de  ia  theorie  de  la  deformation  rapide"  selon 
laquelle  la  structure  tourbillonnaire  peut  eire  “geiee”  si  la  perturbation  est  de  courte  duree. 

Aujourd'hui,  il  faut  recueillir  les  donnees  permettant  d'evaluer  ce  concept,  constituer  une  base  pour  la  modelisation  de 
la  turbulence  dans  les  ecoulemcnts  incompressibles.  creer  une  base  plus  etoffec  pour  la  comprehension  des  phenomenes 
physiques,  ct  etablir  les  parametres  qui  permettront  d'evaluer  les  grands  travaux  de  calcul  qui  sont  entrepris  a  1‘heure 
actuelle. 

Cette  AGARDographie  est  une  premiere  approche  interessante  a  ce  probleme  cle  de  la  mecanique  des  fluides  a  grande 
vitesse.  Ce  travail  preliminaire  est  d’une  etendue  limitee  et,  pour  la  plupart.  bi-dimensionnel.  mais  il  servira  de  base  solide 
pour  de  futurs  travaux,  de  plus  grande  envergure,  comprenant  les  ecoulemcnts  tridimensionneis.  II  devrait  egalcment  servir 
de  base  pour  les  concepteurs  de  model e  et  les  informaticiens  desirant  cvaluer  lours  propres  travaux  dans  cc  domaine. 


Seymour  M.  Bogdonoff. 
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Chapter  1 


INTRODUCTION 


by 

H.H.  Fernholz*)  and  A.J.  Smits**) 

*)  Hermann-Fottinger-Institut ,  Technische  Universitat  Berlin 
**)  Gasdynamics  Laboratory,  Dept.  Mechanical  &  Aerospace  Engineering 
Princeton  University 


This  volume  presents  a  wide  range  of  recent  work  on  compressible  turbulent  boundary  layers, 
and  it  includes  a  listing  of  flow  field  data  from  recent  experiments,  with  an  emphasis  on 
turbulence  deta.  It  may  be  seen  as  an  extension  of  the  work  by  Femholz  and  Finley  who  in  1981 
brought  to  an  end  the  efforts  of  the  EUROVISC  working  group  to  collect  and  to  discuss  all 
compressible  turbulent  boundary- layer  data  available  at  that  time.  For  that  purpose  data  were 
presented  in  a  standard  format  and  the  data  collection  contained  a  total  of  77  experimental 
studies  edited  in  two  volumes  ( AGARDographs  223  (19'G)  and  263  (1981))*).  Twenty-eight  of  the 
experiments  reported  turbulence  measurements,  although  the  data  were  rather  limited  in  extent, 
and  in  some  cases  of  doubtful  accuracy.  A  third  volume  (AGARDograph  253  (1980))  provided  a 
commentary  on  the  mean  flow  data,  together  with  pertinent  remarks  on  the  theoretical 
background  including  the  effects  of  normal  pressure  gradients  and  boundary- layer  length  scales. 
A  discussion  of  the  turbulence  data  is  provided  in  AG  263  (1981)  together  with  remarks  on 
experimental  design  and  technique  (for  example.  Hot-wire  Anemometry  by  V.  Mikulla).  To  avoid 
extensive  repetition  we  have  assumed  readers  have  access  to  these  three  earlier  volumes,  and 
we  will  make  frequent  reference  to  them  in  this  fourth  volume. 

Since  1981,  there  has  been  renewed  interest  in  the  behaviour  of  high-speed  compressible  flows 
with  particular  attention  being  devoted  to  the  understanding  of  shock-wave  boundary  layer 
interactions.  There  exist  three  review  articles  which  deal  with  different  aspects  of  this 
problem.  After  the  first  experimental  paper  jn  the  subject  by  Ackeret,  Feldmann  &  Rott  as 
early  cs  1946,  it  was  Green  (1971)  who  presented  the  first  review  paper.  This  paper  included 
both  a  discussion  of  the  physics  and  of  an  integral  calculation  method  and  can  even  today  be 
regarded  as  an  excellent  introduction  to  the  field.  A  review  of  both  theoretical  and 
experimental  investigations  by  Henkey  &  Holden  (1975)  laid  emphasis  mainly  on  hypersonic 
flows  up  to  Mach  14.  The  extensive  numerical  work  performed  since  that  survey  has  been 
reviewed  recently  by  Delery  &  Marvin  (1986),  though  the  latter  of  these  AGARDographs 
concentrates  on  the  supersonic  range  with  M5  <  4. 

More  recent  experimental  and  numerical  work  may  be  found  in  the  Proceedings  of  an  IUTAM 
Symposium  (Delery  1986)  while  AIAA,  ASME  and  APS  conferences  have  seen  a  rapidly  expanding 
number  of  contributions  in  this  area.  New  turbulence  data  describing  the  development  of  the 
turbulence  field  across  the  shock/  boundary- layer  interaction  have  become  available  and  they 

make  up  a  sufficient  number  to  prompt  the  issue  of  Chapters  9  to  13.  This  would  not  have  been 

sufficient  material  for  an  AGARDograph  but  in  planning  this  particular  volume  it  soon  became 
clear  that  it  would  be  desirable  to  augment  the  compilation  and  discussion  of  data  in  the 
mean  flow  and  turbulence  field  with  some  other  aspects  of  compressible  boundary  layers.  The 
choice  of  topics  was  shaped  on  the  one  hand  by  a  desire  to  fill  gaps  which  had  been  left  open 

by  the  previous  surveys  and  on  the  other  hand  by  a  perception  of  what  the  important  but 

perhaps  more  specialized  topics  were.  Only  one  topic,  computational  aspects  of  high-speed 
flows,  was  specifically  excluded,  on  the  grounds  that  the  review  of  Delery  &  Marvin  (1986) 
made  additional  efforts  on  our  part  unnecessary.  In  all  other  respects  the  items  selected 
represent  an  unavoidably  biased  choice  of  subjects,  mitigated  perhaps  by  the  fact  that  the 
individual  authors  have  based  their  work  on  direct  experience.  The  subsequent  chapters  are 
not  meant  to  be  a  review  of  their  particular  areas;  rather,  they  were  meant  to  introduce  the 
reader  to  a  new  area  with  sufficient  background  Material. 

The  primary  attention  is  focussed  on  flows  which  have  been  disturbed  by  strong  perturbations, 
over  a  relatively  short  streamwise  distance.  The  choice  of  these  "rapidly  distorted"  flows  as 
the  subject  of  this  volume  was  natural  in  that  most  of  the  recent  data  belong  to  this  area. 

We  use  the  term  " rapidly  distorted"  rather  loosely  without  necessarily  implying  that  they  can 


*)  References  are  given  in  Chapter  13. 
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be  described  using  "Rapid  Distortion  Theory”  (RDT).  In  fact  the  next  chapter.  Chapter  2, 
attempts  to  specify  under  what  conditions  it  ia  possible  to  apply  RDT  to  compressible  flow, 
and  to  describe  the  recent  work  in  this  area.  In  more  general  terms,  many  of  the  flows 
presented  in  the  data  compilation  of  Chapter  12  and  some  in  AG  263  were  subject  to  the  effects 
of  "extra  rates  of  strain"  in  the  sense  used  by  Bradshaw  (1973).  In  particular,  the  effect  of 
bulk  compression  or  dilatation  is  of  interest  in  that  it  appears  to  influence  tho  turbulence 
directly  (Bradshaw  1974).  Some  recent  evidence  for  the  effect  of  bulk  compression  is  discussed 
in  Chapter  3.  This  chapter  provides  the  first  review  of  large-scale  motions  in  turbulent 
compressible  boundary  layers. 

Chapters  4  to  8  are  all  concerned  with  experimental  techniques.  Accurate  measurements  of  the 
wall  shear  stress  in  compressible  flows  with  pressure  gradients  are  very  difficult,  since 
floating-element  balances  cannot  be  applied  easily  and  since  the  problem  of  determining  a 
calibration  curve  for  Preston  tubes  in  compressible  boundary  layers  -  as  addressed  by  Peake 
et  al.  (1971)  -  has  never  been  properly  resolved.  Furthermore,  Fernholz  &  Finley  (1980,  1981 
and  1983)  have  shown  that  the  transformed  logarithmic  law  of  the  wall  does  not  hold  in  highly 
perturbed  flows  of  the  type  encountered  in  this  volume  and  that  it  takes  a  rather  long  distance 
downstream  of  reattachment  before  a  Preston  tube  can  be  applied  again.  In  Chapter  4,  a  new 
technique  based  on  the  time  rate  of  thinning  of  an  oil  film  is  discussed,  and  it  promises  to 
be  a  useful  technique  for  strongly  perturbed  and  possibly  three-dimensional  compressible 
boundary  layers.  Techniques  for  measuring  the  fluctuating  mass-flux,  velocity,  temperature  and 
wall  pressure  are  discussed  in  Chapters  5  to  8.  The  primary  emphasis  of  these  contributions  is 
to  identify  the  strength  and  limitations  of  these  experimental  tools.  For  example,  in  Chapter 
5,  constant  current  and  constant  temperature  hot-wire  anemoraetry  are  compared,  some  general 
guidelines  for  correct  operating  procedures  are  developed,  and  the  accuracy  of  each  system  is 
assessed.  In  Chapters  6  and  7,  laser-Doppler  anemometry  for  compressible  flows  is  discussed, 
with  particular  emphasis  on  the  most  popular  counter-processing  techniques,  together  with  some 
warnings  on  the  sources  of  ambiguity  and  error.  Another  common  experimental  tool,  the  wall- 
pressure  transducer,  is  considered  in  Chapter  8,  where  some  strong  conclusions  are  drawn 
regarding  the  overall  accuracy  of  the  currently  available  instruments. 

The  data  are  presented  and  discussed  in  Chapters  9  to  12.  General  comments  on  the  interpretation 
of  the  data  and  of  the  measurements,  on  the  boundary- layer  edge  state  and  the  influence  of 
pressure  gradients,  especially  on  the  determination  of  the  wall  shear  stress,  are  given  in 
Chapter  9.  Issues  which  deal  with  the  physical  interpretation  of  the  data  and  the  influence  of 
pressure  gradients  and  shocks  on  the  development  of  the  boundary  layer  are  deferred  to  Chapters 
10  and  11.  Chapter  10  deals  with  a  general  assessment  of  the  mean  flow  data,  and  Chapter  11 
deals  with  the  turbulence  data.  Finally,  the  data  themselves  are  presented  in  Chapter  12  in  a 
format  similar  to  that  used  in  AGARDographa  223  and  263.  The  experiments  nre  described  in 
ENTRIES  of  which  59  will  be  found  in  the  first  volume,  AG  223,  18  in  the  third  volume,  AG  263, 
and  12  in  this  volume.  These  are  referred  to  all  four  volumes  by  a  reference  number  such  as 
CAT  7201.  In  AG  263  the  18  studies  are  distinguished  by  a  final  S,  and  in  this  volume  the  CAT 
number  is  followed  by  the  letter  T.  AGARDograph  223,  also  contains  introductory  material 
designed  to  assist  users  of  the  collection  which  should  be  consulted  by  anyone  proposing  to 
use  chapter  12  in  this  volume.  It  has  not  been  possible  to  print  all  the  profile  data  in 
"hard  copy"  form,  so  the  ENTRIES  contain  only  a  selection.  The  full  profile  listings  nre  on 
floppy  disks  which  are  available  upon  request  (see  next  page). 

No  microfiche  listings  are  supplied  with  this  volume,  since  past  experience  has  shown  that  it 
was  not  very  useful. 

It  is  our  hope  that  this  AGARDograph  will  help  to  stimulate  experimenters  to  add  to  the  data 
so  urgently  required  in  this  area,  and  to  encourage  numerical  workers  to  test  their  codes 
against  the  data  presented  here.  We  especially  hope  that  the  turbulence  data,  though  still 
scarce,  will  be  used  to  improve  existing  turbulence  models. 
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PROCEDURE  FOR  OBTAINING  THE  FULL  PROFILE  DATA  LISTINGS  FOR  AG  3 1 5 

The  full  profile  data  listings  which  have  been  compiled  and  discussed  in  this  AG ARDograph  are  available  on  5  floppy  discs 
on  file  at  various  National  Centers  as  listed  below.  These  floppies  are  5.25  inch  size  and  are  formatted  1 .2  MB.  They  are 
written  to  by  using  an  IBM  compatible  AT  personal  computer  with  MS-DOS  3.20.  Specific  details,  costs  and  procedures  for 
obtaining  a  copy  of  the  floppy  disc  set  varies  from  one  center  to  the  other,  so  interested  pa.  ties  must  contact  the  appropriate 
location  within  their  country  or  a  center  most  geographically  convenient. 


Etat-Major  de  la  Force  Aerieme 
(VSl/AGAPD) 

Rue  d'Evere 
B- 1 140  Bruxelles 
BELCH  UH 
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1  .  INTRODUCTION 

In  studying  the  response  of  suddenly  perturbed  boundary  layers,  two  extreme  form**  >!  pertuihat  ion  *  an 
identified  : 

(1)  Perturbations  whore  the  effects  diffuse  slowly  through  the  boundary  liver,  wit!  i  t  i  m»  ‘•■ale  . 
rable  to  the  response  time  of  the  largo  eddies.  Typically,  the  mean  field  changes  l-w!v,  .n,j  the 
preserving  part  of  the  layer  is  confined  to  <»n  internal  layer. 

(2)  Perturbations  which  chang-  the  mean  and  turbulent  fields  immediately  it  all  in  t .  •  : 

The  sudden  application  of  a  pressure  gradient,  for  example,  can  cause  a  perturb  at  i-ui  <•:  ,-jtiet  l.'f-1, 
depending  on  the  strength  of  the  pressure  gradient.  When  the  pressure  gradient  is  tv !  ;t  i  \. ,  ;  \  we  i*  .  ?‘e 
turbulence  in  the  outer  part  of  the  flow  is  at  lirst  unaf t t «  t id ,  and  the  changes  are  •  >n:  in.-d  t  •  ■  a  fir. 
region  near  the  wall.  This  internal  layer  grows  slowl>  until  eventual  lv  the  whole  >»f  tne  boundary  !.iv«-r  : 
affected  by  the  perturbation  (Townsend,  197b,  Smits  and  Wood,  1985/.  In  contrast,  win  n  tne  pressur*  cr  id  i 
is  very  strong,  the  changes  in  the  mean  field  <  an  i:nucdi*tfly  affect  the  turbulence  »t  ail  points  in  rU  ,  , 

Ranid  Distortion  Theory  (RDT)  was  developed  to  predict  the  evolution  of  turbulence  following  this  1 •  r 
lurm  of  perturbation.  The  distortion  is  "rap id”  if  it  ,uts  on  the  turbulence  during  i  tin<  short 
to  the  characteristic  time  s«.ale  <-t  Lhe  turbulent  eddies.  Furthermore,  if  the  turbulence  is  "wvix",  tiat 
the  turbulence  in  teracts  with  the  mean  1  J-.v  but  o/jjy  weakly  with  itself,  the  the  «-v,  I  iti.r.  t 

turbulence  is  governed  by  a  linear  set  of  equations.  Merc,  wv  will  not  uis-.u.s  distortions  wh«  r*  *r-.i  i  : 
departures  from  an  unchanged  non-linear  state  occur.  For  reasons  of  praitii.il  interest  w«  .onsi.ier  on!1, 
"strong"  distortion  where  linear  processes  dominate. 

The  basic  theory  was  developed  by  Ribner  and  Tin  ker  (19.52.?  and  Batchelor  and  pr.-adn»in  <195a.i  for  iu-mof  neou<- 
isotropic  turbulence  in  an  irrotational  mean  fiow.  The  theory  was  later  extended  to  sheir  flows  i. >e«  .  for 
example,  Moffatt  (1967)  and  Townsend  (1970))  and  subsequent  developments  led  to  a  wide  varielv  ot  applica¬ 
tions.  The  papers  by  Hunt  (1977),  Townsend  (1980),  Gambon  (19R2),  and  tin  recent  review  by  Savill  11987) 
provide  a  comprehensive  picture  of  the  current  status  of  RDT.  What  seems  particularly  encouraging  is  the 
obset  eat  it  r:  that  despite  the  strict  limits  on  the  applicability  of  RDT,  the  theory  often  gives  qua  1  i  t  at  i\ e  l  v 
useful  results  outside  these  bounds,  as  well  as  providing  useful  guidelines  for  distorted  structure  model  1  in 
(Savill,  1987). 

Most  of  the  work  in  RDT  has  been  confined  to  incompressible  flows.  Yet,  compressible  flows  are  potentially 
very  attractive  for  the  application  of  RDT.  Changes  m  the  mean  Tli1  1  ca  ecru*-  over  verv  short  distances, 
much  shorter  than  is  possible  in  subsonic  flows,  and  the  limits  of  RDT  can  often  be  more  easily  satisfied. 
For  example,  when  a  boundary  layer  passes  through  a  Prandt l -Meyer  fan  or  a  short  region  of  compression, 
including  the  case  where  the  layer  interacts  with  a  shock-wave,  th“  perturbation  can  occur  over  a  distance 
comparable  to  the  boundary  layer  thickness.  Typically,  the  pressure  gradients  are  much  stronger  than  the 
other  stress  gradients  outside  the  viscous  sublayer,  and  it  is  to  be  expected  that  RDT  methods  are  useful 
in  the  analysis  of  these  flows. 

Recently,  there  has  been  considerable  new  interest  in  applying  RDT  to  supersonic  flows.  The  case  of  an 
irrotational  mean  flow  and  an  initially  isotropic  turbulent  field  passing  through  a  Prandtl-Meyer  expansion 
was  considered  by  Goldstein  (1978).  Later  work  by  Goldstein  (1979),  Anyiwo  and  Bushnell  (1982),  Zang  et  al. 
(1384),  Debieve  (1983)  and  Dussauge  and  Gaviglio  (1987)  has  notably  extended  this  area. 


Before  proceeding  should  make  a  distinction  between  RDT  (Rapid  Distort  ior.  Theory)  and  RDA  (Rapid 
Distortion  A**-  r  ..nations).  In  RDT,  the  equations  are  obtained  by  linearizing  the  momentum  equation,  taking 
the  Four  \  "  transform  and  calculating  the  three-dimensional  spectra  related  to  the  Reynolds  stress.  After 
integ  .ition  in  wave  number  space*,  the  turbulent  kinetic  energy  or  the  shear  stresses  are  deduced.  With  su*.  h 
a  method,  the  initial  three-dimensional  spectra  must  be  specified.  Unfortunately,  this  is  not  generally 
known  when  the  upstream  flow  is  a  shear  flow.  Moreover,  the  limits  of  exper iment a  1  work  in  supersonic  i'iov 
make  it  more  attractive  to  consider  the  Reynolds  stresu  evolution,  rather  than  the  associated  spectra.  The 
simplifications  of  second-order  closure  needed  for  rapid  distortion  approximations  to  the  Reynolds  stress 
equations  are  not  straightforward,  as  pointed  out  by  Hunt  (1977),  mainly  because  terms  involving  pressor., 
fluctuations  must  be  modelled.  Hence  the  solutions  are  not  exact.  This  latter  approach,  where  the  staling 
arguments  and  limiting  processes  emp loved  in  RDT  are  used  to  approximate  the  Reynolds  stress  equations  is 
what  we  term  RDA. 

Thus  the  theoretical  work  in  rapidly  distorted  compressible  flows  can  be  classed  into  three  slisrin.  t  groups; 
analyses  based  on  formal  linearisations  of  the  equations  of  motion  (RDT),  analyses  based  on  the  Run's  ine- 
Hugoniot  jump  relations  to  study  shock /turbulence  interactions  (RDT  and  RDA),  and  approxitnat  i-*ns  to  the 
Reynolds  stress  transport  equations  to  obtain  second-order  closure  (RDA).  These  three  groups  -ire  considered 
in  Sections  2,  )  and  -i  respectively.  An  attempt  is  made  in  Section  3  to  classify  the  currently  availahl. 
analyses  in  terms  of  the  restrictions  placed  on  the  mean  and  fluctuating  fields,  and  on  the  boundarv  condi¬ 
tions.  Finally,  in  Section  6,  the  application  of  rapid  distortion  methods  to  super son i r  flows  is  consider. -n, 
and  the  limits  of  applicability  are  discussed. 

:.  THE  LINEARIZATION  OF  THE  EQUATIONS  OF  MOTION 

Cleurlv  the  equations  of  motion  can  only  be  linearized  when  the  non-linear  t.-rr.s  are  ‘-mu!  1  compared  to  t :  •  * 
linear  t»-rnw.  These  considerations  lead  to  a  number  of  inequalities  which  define  the  limits  app  1  i .  ab  i i  t  v 
■  >f  RDT  and  RDA  techniques.  These  inequalities  are  derived  below. 

In  the  distortion  of  an  incompressible  turbulent  flow,  several  mechanisms  » an  alter  the  velocity  flue  tui¬ 
tions:  viscous  damping,  the  effect  of  the  non-linear  acceleration  terms,  and  the  effect  of  the  remaining 
linear  terms. 

The  viscous  damping  is  important  •>nlv  for  the-  smallest  scales.  For  the  energy -containing  structure's,  which 
have  a  large  scale  and  high  Reynolds  number.  Use  etfoit  of  viscosity  mav  be  neglected  as  long  as  the  non¬ 
linear  process  of  energy  transfer  to  the  smaller  scales  <  .«n  be  neglected.  This  "energy-cascade"  takes  some¬ 

time,  which  defines  a  characteristic  time  scale  of  turbulence  Tt  ,  where  \  is  a  function  of  the  Reynolds 
number  (see  Section  h  for  a  further  discussion).  For  small  Reynolds  numbers,  the  energy-containing  range 
and  the  dissipating  range  have  a  large  overlap,  the  energy  transfer  is  rapid,  and  Tt  is  small.  In  high 
Reynolds  number  flows  the  time  scale  is  large,  and  if  the  distortion  is  applied  during  a  time  small  com¬ 
pared  to  Tt,  then  the  rate  of  energy  dissipation  remain  constant  during  the  distortion  (as  long  as  Tt  is  not 

altered  significantly  bv  the  distortion  .is  discussed  in  Section  b).  The  time  stale  of  the  large  eddies  can 
be  expressed  as  Tt=A''q’,  where  A  is  an  integral  length  scale  and  q*  a  fluctuating  velocity  scale,  f*r 
example ,  q'*  =  (l/JJu'.u1.  .  If  the  eddies  have  i  onvection  Veici itv  U,  and  the  distortion  is  of  length 
L,  then  T(j  =  L/U.  The  .  ondit  ion  T j < < T c  be-  ones  :  j 

V  A 

The  effects  of  the  non-linear  terms  may  be  estimated  bv  considering  the  component s  of  the  fluctuating  acce¬ 
leration  a'  .  ,  that  is  ,  (  . 

I  CJU  .  s*u .  31. .  .Hi  . 

.  ,  _ »  .  _ i  .  _ i 

i  j  3x.  u  j  3x .  j  9x . 

]  1  J 

It  will  be  assumed  that  the  time  derivative  is  of  the  same  order  as  the  other  terms.  To  obtain  a  linear 
equation  of  mot  ion, the  non-linear  acceleration  term  needs  t>>  be  small  compared  to  any  one  linear  term.  If 
the  time  derivative  is  dominant,  we  require  : 

<<  1 

A 

where  T  is  the  appropriate  Culerian  time  scale.  For  flows  where  T  -  fi/V  this  inequality  becomes 

q’/U  <<  1 


(2) 


If  the  second  term  is  domin.  the  same  requirement  as  above  results,  that  is,  q'/U  <<  1 
If  the  third  linear  term  dominates,  the  requirement  is  expressed  as  the  ratio  of  the  turbulent  and  mean 
velocity  space  derivatives.  Since  we  are  particularly  interested  in  strong  accelerations  and  decelerations, 
we  use  AU/L  as  a  representative  mean  velocity  gradient.  For  example,  if  it  is  assumed  that  a  reasonable 
estimate  for  the  turbulent  velocity  gradient  is  given  by  its  upstream  value  q'/A  ,  then  : 

^  -  «  1  (3) 

AU  A 

Alternatively,  if  the  turbulent  velocity  gradient  is  given  by  Aq'/L  ,  the  resulting  requirement  is  : 


There  are  many  other  ways  to  interpret  and  derive  relationships  (1)  and  (3).  For  example,  condition  (3)  ran 
be  shown  to  be  equivalent  to  the  assumption  that  the  turbulence  production  within  the  interaction  is  much 
larger  than  the  initial  dissipation  rate.  As  for  condition  (1),  if  the  turbulent  time  scale  is  taken  to  be 
the  ratio  of  the  turbulent  kinetic  energy  to  its  rate  of  dissipation  (.Townsend,  1976),  then  : 


=  q  ' 2  A  /  (q'2) 


poinf out  by  Bradshaw  (  1973),  T'^  is  the  time  scale  of  the  decay  of  turbulence  in  the  absence  of  produc¬ 
tion.  Alternatively,  it  can  be  shown  that  condition  (1)  implies  that  during  time  the  relative  decrease 
of  kinetic  energy  due  to  disipation  is  very  small.  If  the  loss  of  kinetic  energy  due  to  viscous  dissipati  ■ 
is  e s O t ed  from  :  (D/OtHq’O  -  -c  - 

and  ;\f  is  assumed  constant,  then  integration  from  initial  to  final  state  gives,  to  first  order, 

*V  .  q1  i 


and  we  see  that  condition  (1)  implies  that  : 


in  order  to  apply  RDT. 


Similarly,  an  estimate  for  the  total  (integral)  change  in  q*  due  to  the  non-linear  acceleration  term  is  given 
bv  the  estimate  for  its  initial  value  (  =  q ’  -  /A  )  multiplied  by  its  time  of  flight  (  -  I./f).  When  combi¬ 
ned  with  condition  (1),  this  implies  Aq*/q*  <<  '  ,  as  above. 


In  incompressible  flows,  when  conditions  (1)  and  (c),  or  M)  and  (3)  are  satisfied,  the  equations  of  motions 
can  he  linearized,  and  the  distortion  is  called  "rapid"  (note  that  the  "rapidity"  of  the  distortion  will 
depend  ..i  the  scale  of  motion  considered).  The  solution  or  the  linearized  equations  may  split  into  a  kine¬ 
matic  part  and  a  part  coming  from  the  pressure  term.  The  expression  for  the  pressure-derived  term  contains 
an  integral  operator  (required  to  satisfy  the  incompressibility  condition)  which  demonstrates  the  non-local 
properties  of  the  solution.  When  the  mean  field  is  i rrotat iona l ,  the  kinematic  transport  part  can  be  inte¬ 
grated  and  the  solution  depends  only  on  the  initial  and  final  states,  that  is,  it  is  independent  of  the 
integration  path.  However,  for  rotational  mean  fields,  this  procedure  is  not  possible;  supplementary  source 
terms  appear  which  depend  on  the  path  of  integration,  and  the  distortion  of  tie  turbulence  is  no  longer 
determined  solely  by  the  initial  and  final  states  of  the  me. in  flow  (see  Camhon,  198J  for  further  details). 


The  analysis  can  be  extended  to  compressible  flows  as  follows.  First Iv,  the 
1  inea  r  when  :  ,  , 


lonlinuitv  equation  becomes 

(4) 


Secondly,  the  momentum  equation  can  be  linearized  if  conditions  (1)  to  (3)  are  satisfied.  In  particular,  a 
new  term  p’(a.  ♦  a’.)  appears,  which  can  be  linearized  using  condition  (4). 


The  1  inear i zat ion  of  the  transport  terms  in  the  entropy  equation  requires  that  the  velocitv  fluctuations 
are  small,  whereas  the  linearization  of  the  source  terms  requires  that  the  fluctuations  in  the  viscous  dissi¬ 
pation  rate  C1/  £  ,  the  fluctuations  in  the  dissipation  of  temperature  variance  C  ’  ^  /  ,  and  the  fluctua¬ 

tions  in  temperature  6 1 /  6  are  all  small  compared  to  unity. 


The  general  solution  of  these  linearized  equations  is  beyond  the  scope  of  the  present  chapter  (a  detailed 
study  of  the  solutions  and  their  functional  properties  can  be  found  in  Levland,  1984).  Particular  solutions 
may  be  found  by  imposing  restrictions  on  the  mean  or  fluctuating  fields.  In  particular,  it  is  possible  to 
develop  a  simplified  formulation  vhich  is  general  enough  to  describe  a  number  of  particular  cases  (Debieve, 


1986).  The  general  solution  contains  a  part  composed  of  kinematic  and  thermodynamic  contributions,  and 
another  part  which  acts  as  a  source  term.  When  the  mean  entropy  gradient  is  perpendicular  to  the  mean  vorti- 
city,  important  simplifications  are  possible.  For  perfect  fluids,  such  flows  were  called  "ol igotropic"  by 
Casal  (1966),  and  they  represent  a  generalization  for  comprt ssible  flows  of  irrotational  incompressible 
motion.  In  our  case,  for  simplicity,  we  continue  to  use  the  f-rm. 

Many  flows  can  be  described  as  oligotropic,  including  steady  and  unsteady  plane  flows,  and  steady  three- 
dimensional  iso-energetic  flows.  Here,  the  first  part  of  the  solution  can  be  integrated  by  defining  trans¬ 
port  operators  related  to  the  order  of  tensors  tha:  appear.  Furthermore,  this  formulation  permiLs  a  conve¬ 
nient  classification  of  the  previous  rapid  distortion  work  in  supersonic  flovs.  Only  an  outline  of  some 
useful  results  will  be  given,  and  the  reader  is  referred  to  Debieve  (1986)  for  further  details. 

As  a  first  step,  the  Euler  equation  can  be  written  with  a  gradient  for  the  source  terms,  thus  keeping  the 

properties  analogous  to  barotropy  :  A  2 

16  (V  +  s  grad  0)  =  -  grad(h  -  6s  -  -^-1  ,wilh(d/dt)s*0  (3) 

where  *<5  is  the  convective  derivative  of  a  transposed  vector.  That  is,  for  the  vector  represented  by  the 

column  J  :  j,  ij.j'?! 

dt  3x 

where  • ne  superscript  *  indicates  matrix  transposition, 
d/dt  is  the  usual  derivative  along  the  notion, 

3V/3x  is  the  velocity  derivative,  s  the  entropy, 

9  the  temperature,  h  the  enthalpy  and  8  is  such  that  (d/dt)B  =  9  • 

The  interesting  feature  of  equation  (5)  is  that  a  Lagrangian  integral  of  the  convective  derivative  can  be 
written,  and  that  the  right  hand  side  is  of  potential  form. 


In  the  general  case,  the  linearized  form  of  equation  (5)  is  as  complicated  as  the  linearized  Euler  equations. 
But,  when  the  mean  flow  is  oligotropic  the  complexity  of  equation  (5)  reduces  considerab ly .  Hence,  for  all 
cases  where  the  mean  flow  is  two-dimensional,  the  linearized  form  of  equation  (5)  reduces  to  : 


-  grad  (  ) 


s'  grad  8  -  8'  grad  s  .  The  subscript  (  )  denotes  the  mean  field. 


Equation  (6)  has  the  same  form  as  equation  (5)  :  for  oligotropic  mean  fields  the  linearization  introduces 
no  new  terms  and  the  source  terms  have  a  potential  form.  Hence,  w*  is  formally  similar  to  the  velocity 
fluctuation  in  incompressible  irrotational  flows.  By  taking  the  curl  of  (6),  the  solution  can  be  obtained 
as  a  Cauchy  integral  for  the  pseudo  vorticity  rot  w*  ;  rot  w'/p^  is  transported  by  the  mean  motion  between 
two  states,  the  quantity  (rot  w’.grad  s^J/p^  being  constant  along  the  mean  motion. 


It  should  be  noted  chat  one  of  the  difficulties  to  obtain  a  Cauchy  integral  for  the  vorticity  to  in  compres¬ 
sible  flow  comes  from  the  supplementary  terms  which  are  obtained  by  linearizing  the  equation  for  vorticity: 

-jt  w  +  w  div  V  -  grad  V.  to  *  ~  grad(In  p)  x  grad  s 

at  u 


To  avoid  this  difficulty,  two  types  of  simplifications  are  generally  made.  On  the  one  hand,  if  density  and 
entropy  fluctuations  are  considered,  mean  gradients  of  density  and  entropy  should  be  zero.  We  obtain  then 
the  evolution  between  two  states,  but  the  solution  holds  for  only  a  small  number  of  mean  velocity  fields. 

On  the  other  hand,  we  can  c  =  usider  more  general  mean  velocity  fields,  but  the  conditions  p'-*0  ,  s'=0  have 
to  be  imposed. 

However,  it  is  not  necessary  to  take  the  curl  of  equation  (6)  to  find  the  solution  :  this  can  be  done  by 

defining  a  transported  part  and  a  part  related  to  pressure.  For  example,  equation  (6)  can  be  integrated,  as 

in  Goldstein  (1978)  and  has  e  iletion  of  the  form  :  *,  *,  3X  . 

w  *  v  j  ♦  grad  t 

The  first  term  of  the  ri  t* '•  >~ide  represents  the  part  transported  by  the  mean  field;  the  second  one  is 


the  irrotational  part  associated  with  pressure.  The  subscript  (  denotes  the  initial  state  and  9x/9x  is 
the  linear  tangent  application  related  to  the  mean  field.  T  is  determined  from  the  continuity  and  entropy 
equations,  which  lead  to  the  relation  : 

]-  P0‘,/Ydiv(e0,/Y  s*ad  »  >  -S 

L  o  J  (7) 

‘  p-'/y  div  |po,/Y(  e'  grad  so  -  s’  gr*ad  80  *  ~  w'j)] 

This  general  solution  is  rather  complicated.  With  some  supplementary  assumptions,  it  is  possible  to  find 
simpler  solutions,  as  follows. 

a)  Firstly,  with  the  condition  grad  sq  =  0  on  the  mean  field,  we  obtain  the  case  of  the  irrotational 
mean  flows.  With  this  assumption  the  right  hand  side  S  of  equation  (7)  depends  only  on  the  initial  condi¬ 
tions  and  on  the  mean  flow  s' (x,t)  *  s' -(X, t) 


S  »  .  ~1/Y  , 


'(-  s'j  grad  Bo 


3X  .  \] 

+  V 


The  resulting  velocity  is  given  by  : 


-  s'  grad  B  ♦  grad  ¥ 


where  three  contributions  can  be  identified  :  a  transported  part,  a  thermodynamic  part  and  an  irrotational 
part  related  to  pressure.  Note  that  this  result  is  valid  for  unsteady  mean  flows. 

b)  If  we  add  the  condition  of  mean  flow  steadiness, we  obtain  iso-energetic  flows  where  grad  B  can  be 
related  to  the  other  variables  by  the  Crocco  relationship.  We  obtain  the  following  equation  for  f  : 

£  C  f)  -  f  div(po  6“d  f)  =S  “iEh  div[Po(s'l  uv] 

o  o  o'-  * 

V 

and  w'j  =  vf  ^  -  s'^  .  This  solution  was  proposed  by  Goldstein  (1978). 


c)  The  following  conditions  can  be  added  :  Either  div  p  v' 


0  <=>  —■  -  0 
Dt  p 


or,  the  sound  speed  is  taken  to  be  infinity.  Each  of  these  assumptions  cancels  the  propagation  term  in  the 
equation  for  V  ,  and  we  obtain  : 


div  <p0  grad  Y)  -  -  div  P0<s',  |  »’t) 


I  I  o  I  2Cp 


In  this  case,  the  distributions  of  p  and  s'  can  be  inhomogeneous. 

o 

d)  Finally,  a  limiting  case  is  obtained  with  the  following  assumptions  : 

-  irrotational  mean  flow  =  0 

o 

-  Homentropy  grad  sq  =  0 

-  Uniform  mean  density  grad  pq  -  0 

-  Unsteady  mean  flow 

-  div  u'  =  0 

The  density  is  uniform  in  space  but  it  is  time-dependent,  s'  and  p*  can  be  non-zero,  but  satisfy  the  rela¬ 
tions  :  (D/Dt)s'  =  0  and  16ts’  grad  B  )  =  0 


The  equation  for  4*  simplifies  to  the  expression  : 

* 

AV  =  -div(  V  )  with 

3x  I 


v'  *  i  v'i  *  8rad  Y 


This  is  similar  to  the  cases  studied  by  Ribner  and  Tucker  (1952)  and  by  Hunt  (1977),  using  a  different  so¬ 
lution  technique.  Hunt  used  it  to  model  the  practical  case  of  the  compression  cycle  of  an  internal  combus¬ 
tion  engine. 

3.  SHOCK /TURBU1ENCE  INTERACTION  METHODS 

The  results  quoted  in  Section  2  belong  to  a  class  of  studies  where  the  solution  of  a  linear  set  of  partial 
derivatives  is  calculated.  Another  class  of  linear  methods  is  used  to  study  shock-turbulence  interactions 
where  the  shock  relations  are  applied  to  turbulent  fluctuations  of  small  amplitude  using  Fourier  represen¬ 
tation.  The  first  example  of  this  second  class  was  developed  by  Ribner  (1953).  An  exhaustive  review  of  this 
approach  can  be  found  in  Anyiwo  anu  Bushnell  (1982).  These  authors  also  present  probably  the  most  complete 
calculation  of  the  linear  amplification  and  generation  of  turbulence  through  a  shock  wave.  Acoustic  waves, 
entropy  waves  and  vorticity  waves  were  examined.  The  amplitude  jump  relations  obtained  as  in  McKenzie 
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and  Westphal  (1968)  were  deduced  from  the  linearized  Rankine-Hugoniot  relations,  and  for  the  dispersion 
jump  relations  the  frequency  and  the  tangential  component  of  the  wave  number  vector  were  assumed  to  be 
continuous  through  the  shock.  In  addition,  the  "rippling"  of  the  shock  due  to  harmonic  incident  perturba¬ 
tions  was  taken  into  account.  The  results  showed  that  the  linear  mechanisms  can  contribute  significantly  to 
the  amplification  of  incident  velocity  fluctuations,  to  the  generation  of  turbulence  by  interaction  between 
the  shock  wave  and  the  upstream  entropy  fluctuations,  and  by  externally  induced  shock  oscillations. 

All  the  methods  described  in  this  Section,  and  in  Section  2  ,  have  used  linearized  equations  and  Fourie* 
representations,  and  therefore  belong  to  the  domain  of  RDT.  As  indicated  earlier,  there  also  exists  a  class 
of  methods  where  rapid  distortion  is  used  to  obtain  second-order  closure  of  the  Reynolds  stress  equations. 
These  RDA  methods  were  applied  to  shock/turbulence  interactions  by  Debieve  (1983). 

Debieve  defined  a  transport  invariant  relative  to  the  Reynolds  stresses,  and  developed  "shock  formulas" 
for  the  stress  evolution  through  a  steady  shock  wave.  Turbulent  source  terms  that  modify  the  transport 
invariant  could  be  taken  into  account  if  they  were  continuous  through  the  shock,  or  if  they  varied  like  a 
Heaviside  function.  No  explicit  hypothesis  on  the  nature  of  the  mean  field  and  of  the  velocity  fluctuations 
was  required.  However,  a  better  description  of  the  source  terms  would  probably  require  Dirac  functions  source 
terms.  This  work  uses  some  of  the  hypothesis  required  by  RDT.  In  particular,  it  is  argued  that  as  the 
distortion  is  very  rapid  through  the  shock,  the  dissipation  rate  and  the  inertial  transfer  are  unchanged 
and  then  do  not  contribute  to  the  evolution  of  the  Reynolds  stresses.  This  analysis  leads  to  a  particular¬ 
ly  simple  expression  for  the  amplification  of  turbulence  by  a  shock  wave.  The  result  depends  on  the  orien¬ 
tation  and  strength  of  the  shock  wave,  and  it  is  given  by  :  T2  = 

with  K  »  I  -  [U  ]  N*/!^  ,  where  T ^  and  ^2  are  the  upstream  and  downstream  Reynolds  stress 

tensors,  UN  is  the  velocity  normal  to  the  shock,  [  U J  is  the  jump  in  velocity  across  the  shock, 

N  is  the  unit  vector  normal  to  the  shock,  and  N*  is  its  transposition.  An  illustration  of  this  formula 
is  given  in  figure  1,  which  gives  a  polar  representation  of  the  Reynolds  stress  upstream  and  downstream  of 
the  shock.  The  vector  OM  has  a  magnitude  equal  to  the  variance  of  the  velocity  fluctuation  and  a  direction 
given  by  the  unit  vector  m.  Note  that  OM  =  (  u'.ni  )*  m  ,  and  u’v'  =  OP  -  OQ  . 

The  initial  state  correspond  to  an  isotropic  tensor  and  is  represented  by  a  circle.  The  diagram  shows  that 
the  amplification  through  the  shock  is  a  maximum  in  the  direction  normal  to  the  shock. 
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Figure  1:  Evolution  of  the  Reynolds  stress  tensor  in  a  6°  compression  ramp  flow. 

4.  SECOND-ORDER  CLOSURE  FOR  SHOCK-FREE  FLOWS 

In  many  distortions  of  supersonic  boundary  layers,  the  turbulent  fluxes  can  vary  significantly  over  very 
short  distances.  Since  the  anisotropy  of  the  turbulent  stresses  can  radically  alter,  simple  closure  hypotheses 
are  no  longer  adequate.  V..e  approximations  used  in  RDT  for  second-order  closure  then  become  very  attractive 
as  a  means  for  describing  the  Reynolds  stress  evolution.  As  emphasised  by  Hunt  (1977),  the  effects  of  a 
rapid  distortion  are  mainly  observed  in  the  fluctuating  pressure  terms,  that  is,  the  rapid  part  of  the 


pressure-strain  terms  and  the  pressure-transport  terms. 


The  influence  of  a  rapid  distortion  on  the  pressure  transport  has  not  been  explored  in  great  detail  for 
second-order  closures.  Some  examples  were  given  by  Oh  (1974),  Brown  and  Roshko  (1974)  and  Vandrorame  (1983) 
where  most  of  the  attention  was  directed  towards  the  effect  of  mean  compressibility  on  the  rapid  part  of 
the  pressure-strain  terms.  In  particular,  the  effect  of  a  compressible  mean  field  on  incompressible  turbu¬ 
lence  was  examined  by  Dussauge,  Gaviglio  (1987)  and  Jayaram,  Dussauge  and  Smits  (1985)  who  applied  RDA  to 
the  Reynolds  stress  equation  to  predict  the  evolution  of  the  turbulent  stress  tensor  in  rapid  expansions 
and  compressions.  They  assumed  that  the  turbulent  field  was  essentially  solenoidal .that  is,  div  u'  =  0. 

In  this  case,  the  rapid  part  of  the  pressure  strain  can  simply  be  adapted  from  low  speed  formulations  by 
replacing  the  mean  velocity  gradient  by  its  deviatoric.  The  results  of  the  calculation  were  in  reasonable 
agreement  with  the  experimental  results. 


It  is  rather  difficult  to  specify  the  conditions  under  which  the  hypothesis  div  u'  =  0  can  be  used.  An 
attempt  can  be  made  for  zero  pressure  gradient  supersonic  boundary  layers.  In  these  flows,  the  temperature 
fluctuation  level  (0*2 ) ^ ^ is  generally  much  larger  than  the  wall  pressure  fluctuation  level  (p,J ) ^ 

If  it  is  supposed  that  this  is  true  in  the  whole  flow,  and  if  the  Lagrangian  time  scales  of  temperature  and 
pressure  are  of  the  same  order,  div  u*  is  only  produced  by  the  heating  due  to  viscous  dissipation  and  heat 
conduction.  This  result  assumes  that  there  is  no  significant  contribution  to  the  fluctuations  by  shocklets 
in  the  turbulent  motion.  For  small  fluctuations  in  the  energetic  range,  a  simple  expression  can  be  found  : 

, _ 1_  9^  2ee  e1 

dlv  Cp9  8  Y02  0 


(see,  for  example,  Dussauge,  1986).  By  assuming  that  e  and  are  linked  as  in  low  speed  flows,  and  by  consi¬ 
dering  adiabatic  flows  in  which  the  Strong  Reynolds  Analogy  relationship  applies,  (9' /0)^(y-1 )M2 (u* /U)  , 
the  order  of  magnitude  of  the  ratio  div  u'/(u'/A)  can  be  given  as  follows  : 


i  {  div  u' \ 

V  u’/A  / 


^  (  Y-  1  ) 


3  -3 


M  1 


R  q ' 


(  Y  -  1  )M 


.  .  — — -  1  /2 

where  m  is  a  Mach  number  related  to  velocity  fluctuations,  that  is,  ra  =  (u  2  )  /a  ,  and  R  is  a  constant 
of  proportionality  in  the  expression  relating  to  Eg  ,  i.e.  R  'V  0.4  .  The  previous  expression  indicates 
that  in  most  practical  situations  div  u'  is  probably  small  in  supersonic  (but  not  hypersonic)  zero-pressure 
gradient  boundary  layers,  and  then  luw-speed  models  can  be  used.  On  the  other  hand,  in  compressions  where 
shocklets  can  appear  the  usual  second  order  closures  are  probably  not  applicable.  Finally,  it  should  be 
emphasized  that  there  exists  no  complete  model  taking  in  account  these  "direct"  compressibility  effects. 

5.  SUMMARY  OF  PREVIOUS  WORK 

The  rapid  distortion  work  in  compressible  flows  is  summarized  in  Table  1.  In  each  case,  the  limits  of  appli¬ 
cability  are  given.  For  Anyiwo  and  Bushnell’s  study  (1982),  where  a  plane  shock  wave  with  an  upstream  uniform 
mean  flow  was  considered,  the  mean  flow  is  irrotational  and  homentropic  on  both  sides  of  the  shock  wave. 

In  Dussauge  (1987)  and  Debieve  (1983),  no  particular  hypothesis  was  required  for  the  mean  field,  although 
the  application  they  considered  had  a  two-dimensional  oligotropic  mean  field.  In  addition,  no  further  hypo¬ 
thesis  was  required  in  their  analysis  to  deal  with  the  entropy  fluctuations. 

In  Table  1,  the  experiments  presented  in  Chapter  12  are  indicated  by  the  shaded  areas.  All  the  mean  flows 
are  two-dimensional.  The  properties  of  the  fluctuating  field,  however,  are  not  clearly  defined.  If  the  flow  is 
not  hypersonic,  it  is  likely  that  the  condition  of  incompressible  turbulence  is  a  reasonable  approximation  for 
zero  pressure  gradient  flows  (see  Section  4)  and  isentropic  expansions  and  compressions  (Dussauge  and  Gaviglio 
1987,  Jayaram,  Dussauge  and  SiL^ts  1985).  This  assumption  is  probably  not  reasonable  in  interactions  with  a 
strong  shock.  In  a  similar  way,  it  is  difficult  to  define  the  nature  of  the  entropy  fluctuations  in  these 
experiments.  Since  the  time  of  flight  is  small  in  a  rapid  distortion,  it  seems  that  the  specific  entropy 
should  not  change  significantly,  except  through  the  action  of  a  shock. 
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Table  f  :  Some  contributions  to  rapid  distortion  problems  in  compressible  flows. 

In  summary,  Goldstein's  work  gives  the  more  elaborate  solutions  of  the  compressible  linear  problem,  whereas 
Anyiwo  and  Bushnell's  results  underline  the  basic  physical  problems  to  be  examined  in  a  shock  /  turbulence 
interaction  .  The  details  of  the  analyses  of  Dussauge  and  of  Debieve  are  less  exact,  but  they  provide 
formulations  more  easily  applied  to  practical  situations  or  to  laboratory  experiments. 

6.  DISCUSSION 


Here,  we  discuss  to  what  extent  the  flows  presented  in  Chapter  12  can  be  described  by  rapid  distortion  consi¬ 
derations.  Some  answers  can  be  given  by  the  conditions  defined  in  §2.  It  should  be  noted  immediately  that 
we  are  dealing  with  boundary-layers,  i.e.  flows  with  a  viscous  sublayer  where  the  Reynolds  number  is  low. 
Clearly,  RDT  cannot  be  applied  in  this  zone.  A  second  consideration  is  the  existence  of  a  region  very  near 
the  wall  (at  about  y  s  15,  say),  where  the  turbulence  intensity  can  be  very  large,  so  that  the  small  fluc¬ 
tuation  hypothesis  fails.  Hence,  only  the  evolution  of  the  outer  part  of  the  layer  can  be  considered  by 
rapid  distortion  concepts.  The  time  of  distortion  is  often  very  small.  In  the  case  of  an  expanded  boundary 
layer  (Dussauge  and  Gaviglio,  1987)  the  ratio  q'L/UA  was  about  0.2  for  y/6  -  0.3  .  Similar  values  can  be 
found  in  compression  ramp  flows;  in  the  flow  sketched  in  Figure  2,  the  time  of  flight  through  the  leading 
shock  is  very  short.  In  the  case  when  the  flow  is  separated  however,  a  continuous  compression  fan  follows 
the  leading  shock.  In  this  case,  the  interaction  length  is  increased,  and  the  distortion  becomes  slower.  A 
typical  value  for  y / 6Q  *  0.4  in  the  24°  compression  corner  studied  by  Selig  et  al .  (1987)  is 
q’L  /  UA  ^  0,4  for  y/5  3  0.4  . 


Figure  2  :  Scketch  of  a  typical  interaction 

These  estimates  are  questionable,  because  they  use  the  upstream  values  of  the  turbulent  scales.  Yet,  the  rate 
of  dissipation  and  the  rate  of  energy  transfer  can  be  modified  by  the  distortion.  In  expanded  flows,  the 
effect  of  mean  compressibility  is  to  shift  the  energetic  range  to  the  low  wave  numbers,  i.e.  to  the  large 
wave  lengths.  In  contrast,  in  a  compression,  the  wave  numbers  become  larger  and  the  energy  containing  range 
is  brought  closer  to  the  dissipative  range.  Therefore,  the  energy  transfer  in  compressions  can  produce  non 
linear  effects  and  Limit  the  range  of  validity  of  the  RDT. 

This  point  however  is  probably  not  critical:  if  condition  (3)  is  fulfilled,  the  production  of  turbulence 
(or  of  Reynolds  stress)  is  much  larger  than  the  initial  energy  transfer  rate.  If  this  rate  changes  slightly 
in  the  distortion  the  analysis  will  still  hold,  if  the  order  of  magnitude  argument  remains  unchanged. 

The  main  danger  of  an  extensive  use  of  the  criteria  defined  in  §2  is  that  they  postulate  that  any  transfer 
of  energy  takes  a  long  time  when  the  Reynolds  number  is  large.  An  interesting  peculiarity  of  the  supersonic 
flows  is  that  in  a  short  time  small  scale  turbulence  can  be  created.  An  example  can  be  found  in  Hussaini, 
Collier  and  Bushnell  (1985)  who  calculated  the  interaction  of  an  entropy  spot  with  a  shock-wave.  After  the 
interaction,  two  small  structures  replace  the  initial  one.  Another  possibility  is  the  generation  of  turbu¬ 
lence  by  shock  corrugations  produced  by  the  fluctuations  .  Hence  it  is  necessary  to  check  if  the  linear 
approximations  still  hold.  This  was  attempted  by  Zang,  Hussaini,  Bushnell  (1984)  who  made  numerical  stimula¬ 
tions  of  two-dimensional  fluctuations  passing  through  a  shock,  by  solving  the  full  Navier-Stokes  equations. 
They  compared  this  solution  to  the  results  of  the  linear  analysis  given  by  Anyiwo  and  Bushnell  (1982). 

They  found  that  the  linear  solution  was  very  robust,  and  that  in  many  cases  the  non-linear  effects  could  be 
neglected,  except  for  oblique  waves  near  critical  angles. 

As  to  the  comparison  between  analyses  and  measurement,  Dussauge  ( 1981 ) , Jayaram, Dussauge  and  Smits  (1985)  and 
Debieve  (1983)  presented  results  for  several  different  flows.  The  comparisons  were  very  favourable,  except  in 
the  near  wall  region  of  the  flow  calculated  by  Jayaram  et  al.  However,  this  good  agreement  does  not  prove 
much,  for  the  increase  or  decrease  of  the  Reynolds  stresses  was  rather  weak  and  the  comparisons  were  made  for 
only  one  turbulent  stress  component.  Other  considerations  were  developed  mainly  by  Jayaram,  Taylor  and  Smits 
(1987)  to  interpret  experimental  results  obtained  in  several  configurations.  It  was  argued  that,  if  the  linear 
mechanisms  dominate,  the  results  should  depend  mainly  on  the  initial  and  final  states,  and  not  on  the  way 
the  distortion  is  applied.  In  different  8°  compression  flows  at  Mach  3,  it  was  found  that  the  downstream 
turbulence  profiles  were  practically  identical,  whatever  the  way  the  compression  was  produced.  For  larger 
compression  angles,  some  departures  in  the  results  were  observed  (Smits  and  Muck,  1987).  A  difference 
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in  the  flow  is  that  the  shock  and  all  the  flow  downstream  both  become  unsteady.  Part  of  the  difference  can 
probably  be  explained  by  the  turbulence  generated  by  the  mechanism  of  an  "externally  driven"  shock-wave. 
However,  it  is  not  clear  that  in  separated  flow  the  shock  motion  can  be  considered  independently  of  the 
excitation  due  to  turbulence. 

Finally,  some  results  were  obtained  by  visualization  and  high  speed  -ilms  of  the  24°  compression  ramp  flow. 
It  appears  that  downstream  of  the  leading  shock,  in  the  zone  were  the  compression  is  more  progressive, 
"shockLets”  are  produced  from  time  to  time.  This  observation  is  confirmed  by  turbulence  measurements  which 
show  a  highly  intermittent  signal  across  the  whole  thickness  of  the  layer.  As  these  phenomena  occur  over  a 
distance  of  several  boundary  layer  thicknesses,  and  as  the  focusing  of  Mach  waves  is  a  non  linear  phenome¬ 
non,  it  seems  obvious  that  the  turbulence  in  this  complicated  flow  cannot  be  described  by  a  linear  analysis 
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CHAPTER  3 

LARGE  SCALE  MOTIONS  IN  SUPERSONIC  TURBULENT  BOUNDARY  LAYERS 
by 

A.  J.  Saits  and  J.  H.  Watmuff 

Casdynamics  Laboratory,  Dept.  Mechanical  L  Aerospace  Engineering 
Princeton  University 

1 .  INTRODUCTION 

Chapter  12  lists  a  lumber  of  experiaents  perforaed  at  the  Gasdynaaics  Laboratory  of  Princeton 

University,  encompassing  zero  pressure  gradient  and  adverse  pressure  gradient  flat  plate  boundary  layers, 
flows  over  concavely  curved  walls,  and  shock-wave/boundary  layer  interactions.  The  Reynolds- averaged 
turbulent  stresses,  and  the  corresponding  mean-flow  data  are  listed,  with  a  brief  description  of  the 
experimental  conditions.  In  addition  to  obtaining  time-averaged  results,  a  large  number  of  other 
aeasuiements  were  taken  in  an  attempt  to  describe  the  time-dependent  behavior  of  the  turbulent  field. 
These  data  do  not  easily  lend  themselves  to  the  kind  of  presentation  given  in  Chapter  12,  yet  they  can 
provide  the  kind  of  fundamental  insight  into  the  structure  of  the  turbulent  field  which  is  so  necessary 
if  we  are  to  improve  our  understanding. 

In  this  chapter,  we  sumsarize  these  results,  in  the  hope  that  our  remarks  will  provide  useful 

information  for  the  modelling  of  supersonic  turbulent  boundary  layer  behavior.  In  some  ways,  the  data 
base  is  rather  limited.  For  example,  the  undisturbed  boundary  layer  is  the  same  in  each  case,  with  an 
approximately  adiabatic  wall,  a  freestreara  Mach  number  of  2.9,  and  a  momentum  thickness  Reynolds  number 
of  about  80,000.  On  the  other  hand,  a  wide  range  of  perturbations  in  pressure  gradient  and  wall  curva¬ 
ture  were  investigated.  Apart  from  anything  else,  only  Owen  and  Horstman  (1981),  and  Robinson  (1986) 
have  presented  similar  results,  and  therefore  the  Princeton  results  become  interesting  simply  because  of 
«eareity. 

Earlier  flow  visualization  evidence  gave  a  strong  indication  that  large-scale  motions  exist  in 
supersonic  boundary  layers.  As  early  as  1958,  James  presented  some  astonishing  shadowgraphs  of  transi¬ 
tion  on  bodies  of  revolution  over  a  wide  range  of  Mach  numbers,  Reynolds  numbers  and  heat  transfer 

rates.  Two  examples  are  given  in  Fig.  1.  Note  that  these  axisymmetric  flows  minimize  the  spatial 

integration  of  the  shadowgraph  technique,  and  the  images  give  an  approximate  view  of  a  flow  cross- 
section.  The  first  example  clearly  shows  intermittent  transition  to  turbulence  similar  to  the  turbulent 
spots  observed  in  subsonic  flows.  The  second  example  shows  the  development  of  an  axisyametric  boundary 


Figure  2.  Structure  inclined  at  approximately  45°  can  be  seen  in  theae 
shadowgraphs  of  boundary  layers  over  axisyroetric  bodies-of-revolution 
(details  from  photographs  taken  by  A.  C.  Charters-Van  Dyke.  1981. 

(a)  M.  =  1.8;  (b)  M.  =  2.5. 


|  (a) 


Figure  3.  Enlarged  schlieren  photographs  of  flow  (a)  on  the  floor  of  the 
duct  and  (b)  on  a  flat  plate  (from  Deckker  1980). 

layer,  and  a  coarse  "layered"  structure  is  evident  in  the  turbulent  part.  Further  shadowgraphs  of 
boundary  layers  on  bodies  of  revolution  are  shown  in  Fig,  2.  In  Fig.  3  boundary  layers  developing  after 
the  passage  of  a  shock  are  made  visible  using  a  focussed  schlieren  technique.  In  all  cases,  quite  marked 
and  regular  striations  are  visible  near  the  wall.  The  characteristic  angles  seem  to  lie  between  40°  and 
60°  to  the  wall. 

These  photographs  prompted  the  quantitative  work  described  below.  We  were  curious  to  determine  the 
nature  of  these  striated  structures,  and  to  try  to  relate  them  to  similar  observations  in  subsonic  flow 
(as  given,  for  example,  by  Head  and  Bandyopadhyay  1981).  We  were  also  interested  in  the  behavior  of 
these  structures  in  flows  with  pressure  gradient  and  wall  curvature,  to  extend  the  general  understanding 
of  large  scale  motions  in  boundary  layers,  and  to  determine  the  universality  of  these  motions. 

Of  course,  these  investigations  are  still  in  progress,  and  it  is  far  too  early  to  make  any  sweeping 
conclusions.  Some  of  the  research  discussed  in  this  chapter  has  not  yet  been  published,  and  some  of  our 
results  are  still  ambiguous.  Nevertheless,  our  observations  have  been  intriguing,  and  it  is  perhaps 
useful  to  present  them  here,  despite  their  premature  nature. 

In  Section  2,  we  begin  with  a  discussion  of  the  zero  pressure  gradient  case,  corresponding  to  CAT 
8603.  This  case  has  been  investigated  the  most  extensively,  and  many  of  the  measurement  and  analysis 
techniques  used  in  the  later  work  were  first  introduced  here.  The  second  flow  is  the  flat  plate  boundary 
layer  with  an  externally  imposed  pressure  gradient  corresponding  to  CAT  8601.  We  continue  Section  2  with 
a  discussion  of  two  examples  of  a  boundary  layer  on  a  concavely  curved  wall.  In  the  first  case,  the  wall 
was  shaped  to  have  the  same  wall  pressure  variation  as  the  flat  plate  flow  adverse  pressure  gradient  case 
(this  flow  corresponds  to  CAT  8501  Model  II),  and  in  the  second  case  the  radius  of  curvature  was  de¬ 
creased  and  the  turning  angle  was  increased  to  produce  a  stronger  perturbation  (see  CAT  8702).  In  the 
early  stages  of  these  investigations,  we  made  extensive  use  of  the  VITA  method  of  conditional  sampling. 
As  our  experience  grew,  so  did  our  misgivings  regarding  the  way  we  were  using  the  technique.  These 
considerations  prompted  an  evaluation  of  suitable  conditional  sampling  methods,  and  some  of  these 
thoughts  are  given  in  Section  3.  A  general  discussion  of  the  results  is  presented  in  Section  4. 

This  chapter  represents  a  summary  of  the  work  performed  by  Eric  Spina,  Emerick  Fernando,  John 
Donovan,  Mike  Smith,  Michael  Selig,  and  Amy  Alving.  If  there  is  any  credit  to  be  had,  it  properly 
belongs  to  them.  Our  appreciation  is  also  expressed  for  the  support  given  by  our  sponsors:  AFOSR  Grant 
85  0126  monitored  by  J.  McMichael,  and  NASA  Langley  Grant  NAO-1  545  monitored  by  W.  Sawyer  and  D.  Haynes. 
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2.  OBSERVATIONS  ON  LARGE-SCALE  STRUCTURES 

The  upstream  boundary  layer  is  described  briefly  in  Chapter  12  (CAT  8603),  and  further  details  were 
given  by  Spina  and  Saits  (1986,  1987).  The  flow  had  a  freestreaa  Mach  nuaber  of  2.87  (+0.01)  with  a  unit 
Reynolds  nuaber  of  6.5  x  107/a  (+  4*).  The  walls  were  approxiaately  adiabatic  and  the  freestreaa 
turbulence  level  was  1  to  1.5*.  The  test  boundary  layer  developed  on  the  tunnel  floor,  and  the 
measurements  were  centered  around  a  point  2210  me  downstreaa  of  the  throat.  The  boundary  layer  thickness 
6  at  that  point  was  28  aa,  where  <5  is  defined  aa  the  point  where  the  total  pressure  reaches  98*  of  its 
freestreaa  value. 

The  experiaental  techniques  for  all  turbulent  structure  aeasureaents  were  siailar.  Briefly, 
turbulent  fluctuations  were  recorded  at  several  locations  simultaneously,  providing  spatial  and  teaporal 
information  about  the  structures.  Constant-temperature  hot-wire  aneaometry  was  used  at  high  overheat 
ratios  to  obtain  an  output  approximately  proportional  to  fluctuations  in  mass  flux  (Smits  et  al.  1983), 
and  since  the  correlation  between  density  and  velocity  fluctuations  is  about  0.8  {Dussauge  and  Gaviglio, 
1981)  we  have  often  used  the  assumption  that  the  mass-flux  signal  is  approximately  proportional  to  either 
density  or  streaawise  velocity  fluctuations. 

For  multi-wire  runs,  a  special  hot-wire  support  was  designed  to  hold  four  normal  wires  in  two  pairs, 
one  pair  above  the  other,  and  the  two  pairs  of  wires  could  be  moved  relative  to  each  other  vertically 
(see  Fig.  4).  No  data  were  actually  taken  using  all  four  wires;  however,  runs  were  made  using  both  two 
and  three  hot  wires  simultaneously. 

Where  possible,  measurements  of  the  wall  pressure  fluctuations  were  made  using  four  identical 
miniature  differential  pressure  transducers.  The  transducers  were  mounted  in-line  in  a  cylindrical  plug 
(see  Fig.  4),  which  was  then  fitted  in  the  test  section  floor.  The  plug  could  be  rotated  through  360° , 
yawing  the  transducers  relative  to  the  flow. 

By  combining  the  use  of  wall-pressure  transducers  and  hot-wires,  simultaneous  measurements  of  the 
instantaneous  wall  pressure  and  instantaneous  mass  flux  were  made.  The  hot  wires  were  placed  at 
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Figure  5. 


Fluctuating  mass-flux  signals  from  3-wire  probe. 


different  points  in  the  flow  (relative  to  the  wall-pressure  transducers)  to  obtain  a  wide  spatial 
resolution  of  the  flow  field.  Conditional  sampling  and  tise  series  analysis  were  then  used  to  deduce 
both  the  mean  and  instantaneous  behavior  of  the  large  scale  structure. 

To  begin  the  discussion  of  the  results,  consider  the  time  records  of  (pu)  obtained  in  the  zero 

pressure  gradient  boundary  layer  fra*  three  hot  wires  (Fig.  5).  The  signals  exhibit  a  very  similar 
character,  indicating  the  passage  of  organized  motions  of  a  scale  larger  than  the  separation  distance 
between  the  top  and  bottom  wires. 

The  space-tine  correlations  for  the  signals  from  two  wires  are  shown  in  Fig.  6.  The  peak  values  of 
the  correlations  are  quite  high,  reaching  a  Baxiaun  of  0.65  near  the  Biddle  of  the  boundary  layer.  More 
importantly,  the  dimensionless  delay  time  (t*  *  t  U^/6)  corresponding  to  the  peak  of  the  space-time 
correlation,  Tmax  ,  decreases  fron  0.4  (T  =  20  +  0.5  us)  at  the  floor  to  nearly  zero  at  the  edge  of 
the  boundary  layer. 

The  high  peak  level  of  the  correlation  and  the  non-zero  value  of  the  time  delay  imply  that  both  wires 
are  detecting  the  same  "disturbance",  and  that  one  wire  is  detecting  it  before  the  other.  Since  the  time 
shift  was  applied  to  the  upper  wire,  the  peak  at  negative  means  that  the  upper  wire  detects  the 

disturbance  first,  that  is,  the  disturbance  leans  downstream.  Accordingly,  an  angle  0  can  be  defined  for 
this  "front”  by  using  the  value  of  along  with  the  wire  separation  distance,  A  ,  and  the  local  mean 

velocity.  That  is, 

9  *  arc  tan  ^ — J 

^Ttnax 

Strictly  speaking,  the  local  streamwise  convection  velocity  should  be  used  to  determine  this  angle 
(Robinson  1986,  Brown  and  Thomas  1977),  but  the  convection  velocity  has  not  been  determined  for  this 
flow.  However,  the  difference  in  the  mean  structure  angle  owing  to  small  variations  in  the  convection 
velocity  is  small,  and  therefore  the  average  velocity  was  used  here. 

The  angle  Q  may  be  called  an  "average  structure  angle,"  in  that  it  is  associated  with  an  average 
large-scale  motion.  The  results  from  three  different  traverses  can  be  seen  in  Fig.  7  as  a  function  of 
position  in  the  boundary  layer  (at  the  midpoint  of  the  boundary  layer  the  resolution  of  the  time  shift 
corresponds  to  an  angular  uncertainty  of  +3°).  The  angle  is  small  near  the  floor,  increases  quickly  to 
about  45° ,  and  it  remains  constant  at  this  value  throughout  70*  of  the  boundary  layer.  Finally,  the 
angle  shows  a  rapid  increase  at  the  edge  of  the  boundary  layer.  Note  that  the  distribution  of  the 
structure  angle  seems  to  be  independent  of  the  two  different  separation  distances  chosen.  The  distri¬ 
bution  of  9  is  in  accordance  with  Head  and  Bandyopadhyay ' s  (1981)  observations  in  a  subsonic  boundary 

layer  at  lower  Reynolds  numbers.  They  observed  hairpin  loops  which  displayed  small  angles  near  the  floor 
and  45°  through  the  central  portion  of  the  boundary  layer,  followed  by  a  slight  increase  near  the  edge. 

While  the  present  study  traverses  two  "detection  probes”  through  the  boundary  layer  at  a  fixed 

separation  distance  (small  compared  to  5  ),  moat  other  measurements  of  this  kind  have  used  one  detection 
probe  fixed  at  the  wall  (a  hot  wire,  a  shear  stress  gauge,  or  some  similar  device)  and  another  probe 
which  was  traversed  through  the  boundary  layer,  thereby  varying  the  separation  distance.  The  fixed 
separation  method  used  here  results  in  a  typical  mean  structure  angle  of  45°,  while  the  variable  separ¬ 
ation  method  seems  to  give  a  lower  characteristic  value;  in  supersonic  flow  Robinson  (1986)  found 
30°  and  in  incompressible  flows  Brown  and  Thomas  (1977)  found  18°,  whereas  Rajagopalan  and  Antonia  (1979) 
found  12.5°,  and  Robinson  (1985)  found  16°.  The  advantage  of  the  present  method  is  that  the  slope  of  the 
structure  is  determined  locally,  instead  of  being  inferred  from  a  large-scale  measurement.  This  differ- 
ence  is  reinforced  by  recent  measurements  taken  by  Alving  (private  communication)  in  incompressible 
flow,  using  the  fixed  separation  technique  described  here.  The  results,  shown  in  Figure  8,  were  taken  in 
a  flow  with  Reg  -  5000,  5  =  21  ■,  and  =  31  m/s.  The  separation  distance  between  the  hot  wires  was 
0.13  -S  .  Clearly,  these  incompressible  results  are  similar  to  the  compressible  results,  and  both  sets  of 
results  give  higher  structure  angles  than  those  found  by  previous  researchers  using  the  variable  separ¬ 
ation  method. 

Using  the  same  upstream  flow  conditions  used  by  Spina  and  Saits  for  the  zero  pressure  gradient  layer 
discussed  above,  Donovan  and  Saits  (1987)  investigated  the  mean  structure  angle  diatribution  following  a 
short  region  of  concave  surface  curvature  using  two  different  flow  models:  one  which  turns  the  flow 

through  8s  with  a  radius  of  curvature  of  1270  am  (5/R  =  .022),  and  the  other  turns  the  flow  16°  with 
*/R  -  .08.  Fernando  and  Saits  (1967)  made  similar  measurements  on  a  flat  plate  following  a  abort  region 

of  adverse  pressure  gradient.  In  that  case,  the  pressure  gradient  was  generated  by  a  contoured  plate, 


Figure  8.  Large-scale  structure  angle  through  Figure  9  T*rg~  I'-ale  structure  angle  through 

the  boundary  layer  as  Measured  in  subsonic  flow  the  boundary  layer  as  Measured  in  perturbed 

by  Alving.  The  supersonic  distribution  is  a  faired  supersonic  boundary  layers  by  Fernando  and 
curve  fro*  Fig.  7.  Saits  (1987)  and  Donovan  and  Saits  (1987). 
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designed  so  that  the  pressure  distribution  Batched  that  of  the  8°  model  using  by  Donovan  and  Saits.  The 
distribution  of  the  structure  angle  for  all  three  flows  is  seen  in  Figure  9,  along  with  the  zero  pressure 
gradient  case.  The  general  shape  of  the  distribution  remains  the  saoe  as  in  the  zero  pressure  gradient 
case.  However,  there  appears  to  be  a  small  increase  in  the  structure  angle  after  each  of  the  three 
perturbations.  Furthermore,  the  structure  angle  after  the  stronger  curvature  is  slightly  higher  than 
after  the  weaker  curvature.  Donovan  and  Saits  suggested  that  the  perturbation  rate  was  too  rapid  in  the 
stronger  curvature  model  to  allow  readjustment  of  the  large-scale  motions,  and  thus  the  angle  of  inclin¬ 
ation  is  affected.  It  appears  that  the  same  preliminary  conclusion  can  be  drawn  for  all  three  of 
the  flow  perturbations,  since  they  all  exhibit  the  same  trend. 

The  average  structure  measurements  reported  here  and  elsewhere  are  very  useful  in  establishing  the 
existence  of  large-scale  structures.  However,  the  key  to  a  physical  comprehension  of  these  structures 
lies  with  understanding  the  behavior  of  individual  structures,  that  is,  their  instantaneous  character¬ 
istics. 

Conditionally  sampled  mass-flux  results  were  reported  recently  by  Spina  and  Smits  (1987).  Events 
were  detected  using  the  VITA  method  introduced  by  Blackwelder  and  Kaplan  (1976).  By  computing  the 
VITA  ensemble  average  of  events  from  three  different  hot  wires,  structure  angles  were  computed  which  were 
nearly  identical  to  those  found  from  space-time  correlations.  Thus,  it  appears  that  VITA  can  detect 
events  which  make  the  dominant  contribution  to  the  time-average  structure  angle. 

This  result  has  been  used  by  Smith  at  Princeton  (private  communication) ,  to  interpret  schlieren 
images  of  the  boundary  layer  structure.  Smith  used  e  real-time  analog  of  VITA  to  condition  on  the  mass- 
flux  fluctuations  from  a  hot-wire  probe  to  detect  strong,  large-scale  motions.  Upon  detection  of  an 
individual  structure,  a  light  source  was  flashed  to  record  a  microsecond-exposure  schlieren  image.  The 
use  of  a  hot  wire  as  a  detection  probe  counters  some  of  the  spatial  integration  effects  present  in 
schlieren  images.  A  typical  image  is  reproduced  in  Fig.  10  along  with  the  hot-wire  output  and  the 
detection  signal.  Structures  extend  the  full  height  of  the  boundary  layer,  as  indicated  earlier  in  Figs. 
1  to  3,  and  they  display  considerable  variation  in  their  characterist ic  angle.  Similar  results  ran  be 
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Figure  10.  Microsecond  schlieren  video  image  of  zero  pressure  gradient 
supersonic:  boundary  layer  taken  by  Smith  and  Smits  ' )  986 ) . 
The  hot  wire  probe  at  left  is  located  at  y/6  -  0.B,  and  its 
corresponding  signal  is  shown  at  the  bottom  of  the  picture 
along  with  the  detection  signal.  The  t i»e  scale  corresponds 
approximately  to  the  length  of  the  picture,  and  the  flow  is 
from  right  to  left. 


Figure  11.  Microsecond  schlieren  video  image 
by  Donovan  of  a  supersonic  boundary  layer  in  an 
adverse  pressure  gradient  generated  by  a 
concavely  curved  wall  (6/ R  =  0.08,  turning  angle 
16°) .  The  dark  shadow  outside  the  boundary 
layer  indicates  the  presence  of  a  strong 
•  'Bpression  fan. 


Figure  12.  Probability  distribution  of 
individual  structure  angles: 
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(from  Spina  and  Smits  1987). 
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deduced  from  Fig.  11,  which  shows  the  flow  over  the  concavely  curved  wall  used  by  Donovan  and  Smits  (the 
second  curved  wall,  with  16°  turning).  The  average  angle  appears  to  increase,  in  agreement  with  the 
results  given  in  Fig.  9,  but  there  exists  a  wide  dispersion.  Therefore,  an  analytical  technique  was 
devised  to  determine  the  individual  structure  angles  from  the  fluctuating  signals  of  the  double  hot-wire 
probe  (wire  separation  of  0.09  £).  The  algorithm  was  described  in  detail  by  Spina  and  Smits  (1987).  In 
summary,  the  technique  searches  for  highly  correlated,  highly  energetic  events  occurring  in  both  signals 
"near-simultaneously" ,  and  deduces  an  instantaneous  structure  angle  from  their  separation  time.  VITA  was 
used  to  detect  the  events  but  it  should  be  noted  that  this  method  is  not  dependent  on  the  VITA  technique, 
per  se;  any  conditional  sampling  technique  can  be  used  to  find  the  energetic  portions  of  each  signal. 

To  achieve  a  sufficient  number  of  realizations  of  the  instantaneous  angles,  data  records  four  times 
as  long  as  usual  were  analyzed  (i.e.,  98304  data  points  instead  of  24576).  The  number  of  accepted  pairs 
was  approximately  60%  of  the  number  of  VITA  events  which  implies  that  60%  of  the  events  were  large  enough 
to  span  both  wires.  The  first  point  of  note  is  that  the  average  value  of  the  instantaneous  angle  matched 
the  mean  structure  angle  very  well.  The  values  at  the  wall  were  slightly  higher  than  those  shown  in  Fig. 
7,  but  the  distribution  through  the  rest  of  the  boundary  layer  was  virtually  identical.  The  standard 
deviation  of  the  instantaneous  angles  was  computed  to  be  about  20°  throughout  most  of  the  boundary  layer, 
indicating  a  large  spread  in  the  inclination  of  the  structures.  A  histogram  was  computed  and  it  is  shown 
in  Fig.  12  for  three  points  in  the  boundary  layer.  Near  the  floor,  the  majority  of  the  structures  have 
an  angle  below  45°,  with  the  most  populated  state  being  15-30°,  and  very  few  structures  with  an  angle  of 
90°.  Away  from  the  wall  (y/5  =  0.3),  the  structures  shift  towards  45°  with  an  increased  population  at 
90°.  f.t  the  edge  of  the  boundary  layer  {y/f.  -  0.9)  the  population  between  75-90°  has  increased  dramati¬ 
cally,  and  it  becomes  dominant. 

These  trends  can  be  interpreted  in  terms  of  the  hairpin  model  of  turbulence.  In  this  model,  the 
characterist ic  structures  in  the  boundary  layer  are  hairpin  loops,  and  hairpins  of  all  sizes  populate  the 
boundary  layer  (see,  in  particular,  Perry  and  Chong  1982).  A  typical  hairpin  vortex  (see,  for  example, 
Smith  1984)  consists  of  elongated  legs  at  the  floor,  a  central  portion  inclined  at  45°,  and  an  upturned 
head  at  about  90° .  If  the  instantaneous  angle  distribution  was  measured  in  this  artificial  boundary 
layer,  the  range  of  structure  angles  near  the  wall  would  vary  from  0  to  90°,  with  the  lower  angles 
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Figure  13.  Space-time  correlation  between  a  wall-pressure  signal  and  a 
hot-wire  mass-flux  signal  (from  Spina  and  Smits  1987). 


dominating  since  the  mid-  to  large-scale  structures  would  not  display  high  angles  near  the  wall.  Away 
from  the  wall,  the  angle  of  the  central  portion  would  dominate,  with  a  slightly  higher  population  near 
90°  due  to  the  upturned  heads  of  the  structures  of  that  size.  Finally,  near  the  edge  of  the  boundary 
layer,  the  dominant  angle  would  be  close  to  90°,  since  nearly  all  structures  extending  to  that  height 
would  have  upturned  heads  at  that  point.  The  distributions  described  for  this  idealized  case  of  a 
"forest”  of  hairpin  loops  are  similar  to  those  seen  in  Fig.  12,  suggesting  that  the  large-scale  struc¬ 
tures  found  in  this  compressible  flow  are  consistent  with  the  hairpin  structure  interpretation. 

Further  support  for  the  hairpin-structure  hypothesis  comes  from  the  cross-correlations  between 
pressure  fluctuations  at  the  wall  and  mass-flow  fluctuations  measured  at  various  points  within  the 
boundary  layer.  Figure  13a  shows  the  correlations  with  the  hot  wire  located  at  0.455  downstream  of  the 
pressure  transducer,  while  Fig.  13b  shows  them  for  a  streamwise  separation  of  0.915  . 

The  first  point  of  interest  is  the  rather  low  level  of  correlation,  with  a  maximum  peak  of  0.22. 
This  low  level  was  observed  for  even  the  smallest  transducer  separations  and  can  be  ascribed  to  the 
differences  in  the  frequency  content  of  the  pressure  and  mass-flow  signals.  Secondly,  doubling  the 
separation  of  the  transducers  did  not  change,  the  level  of  the  correlation  significantly.  Furthermore, 
the  general  shape  of  the  correlation  was  retained  (the  small  peak  at  a  negative  value  of  x  ,  followed  by 
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a  sharp  rise  to  the  major  peak).  Hence,  the  structures  appear  to  retain  their  shape  and  coherence  as 
they  are  convected  downstream.  Figures  13c  and  13d  show  correlations  for  spanwise  separations  between 
the  transducers  of  0.116  and  0.456  respectively  (both  also  have  a  at  mammae  separation  of  0.096  ).  We 
see  that  the  results  in  Fig.  13c  show  a  slight  decrease  in  correlation  level  when  compared  to  the 
previous  results  which  had  no  spanwise  separation.  In  addition,  in  Fig.  13d,  we  observe  that  with  an 
increased  spanwise  displacement,  the  correlation  has  decreased  to  half  its  original  value,  suggesting 
that  the  structures  have  a  very  limited  spanwise  extent. 

The  spanwise  wall-pressure  correlations  were  complemented  by  spanwise  mass-flux  correlations  for  the 
flat  plate  adverse  pressure  gradient  case  investigated  by  Fernando  and  Smits  (1987).  Peak  mass-flux 
cross-correlation  coefficients  obtained  from  different  wire  spacings  and  orientations  are  plotted  in  Fig. 
14  for  stations  upstream  and  downstream  of  the  interaction.  There  appears  to  be  little  change  in  the 
relatively-high  correlation  coefficients  through  the  interaction.  The  structures  maintain  their  non- 
dimensional  spanwise  and  vertical  extent.  Furthermore,  the  peak  correlation  coefficients  for  the 
spanwise  separated  wires  are  only  slightly  lower  than  for  the  vertically  separated  wires.  There  is 
significant  correlation  in  the  spanwise  direction  over  distances  of  0.26  .  This  is  contrary  to  Spina  and 
Smits’  conclusion  based  on  wall  pressure  mass-flux  correlations,  as  given  above,  that  these  motions  are 
of  limited  spanwise  extent,  of  the  order  of  0.16  .  This  apparent  contradiction  may  be  resolved  by  the 
following  two  arguments.  It  is  seen  in  Fig.  14  that  the  correlation  coefficient  between  the  spanwise 
separated  wires  decreases  as  the  wall  is  approached.  This  implies  that  the  structure  is  of  smaller 
snanwise  extent  near  the  wall,  as  suggested  by  Moin  and  Kim  (1985)  based  on  their  Large  Kddy  Simulation 
data.  Hence  wall  pressure  mass-flux  correlations  must  drop  off  faster  than  mass-flux  cross-correlations 
between  hot-wires.  The  second  argument  relies  on  the  lower  peak  cross-correlation  between  the  two 
vertically  separated  wires  closer  to  the  wall.  This  indicates  that  the  structure  becomes  less  coherent 
closer  to  the  wall  again  explaining  why  wall  pressure  hot-wire  mass-flux  correlations  must  drop  off 
faster  than  mass-flux  cross-correlations  between  hot-wires. 


Figure  14. 


Peak  hot-wire  maas-flux  cross-correlations  coefficients 
within  the  boundary  layer  (from  Fernando  and  Smits  1987). 
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3.  CONDITIONAL  SAMPLING  TECHNIQUES 

Id  the  work  described  above,  the  primary  basis  for  conditional  sampling  was  the  VITA  technique,  and 
it  waa  applied  to  signals  obtained  from  a  nonsal  wire,  that  is,  to  the  time  varying  u*  signal  as  derived 
fro*  the  (pu)'  signal  using  the  Strong  Reynolds  Analogy.  The  results  obtained  in  zero  pressure-gradient 
high- Reynolds  number  supersonic  flows  agreed  well  with  similar  results  fro»  subsonic,  low  Reynolds  number 
flows  (Spina  and  Saits  1987).  However,  it  is  not  all  clear  how  these  "VITA  events"  can  be  interpreted 
physically.  The  interpretation  is  liaited  by  the  fact  that  VITA  is  a  single  point  criterion,  applied  to 
measurements  of  a  single  component  of  the  turbulent  fluctuations.  Our  current  emphasis,  therefore,  is  to 
improve  the  detection  technique  to  the  point  where  the  detected  events  can  be  given  a  more  complete 
physical  interpretation. 

We  first  found  that  the  VITA  technique  could  give  a  distorted  picture  of  the  flow  structure  when  we 
began  to  uae  a  crossed  wire  probe  to  examine  the  instantaneous  values  of  u’,  v*  and  u'v*  (Fernando  et 
al.,  1987).  The  shear  stress  signal  u*v’  is  highly  intermittent,  with  sharp  excursions  from  the  back¬ 
ground  level,  and  it  ia  extremely  suitable  for  conditional  sampling.  A  simple  threshold  criterion 
was  used  to  detect  the  events  which  make  the  greatest  contribution  to  the  shear  stress.  (We  used  a 
threshold  =  2  u'v*).  These  events  are  obviously  of  great  practical  interest.  The  u  and  v  events  were 
then  clarified  into  four  quadrants:  quadrant  I  (u+,  v+),  quadrant  II  (u-,  v+),  quadrant  III  (u-,  v-), 
and  quadrant  IV  (u+,  v-). 

The  results  are  very  revealing.  Typically,  the  ensemble-averaged  events  are  strong,  and  rather 
simple  in  shape  (see  Fig.  15).  In  particular,  it  should  be  noted  that  the  u*  event  is  single-aided,  that 
ia,  it  is  either  positive  or  negative.  In  contrast,  when  VITA  is  applied  to  the  u*  signal  (instead  of 
thresholding  on  u’v’),  the  event  is  doubled-sided,  as  shown  in  Fig.  16.  These  results  suggest  that  VITA 
detection  is  subject  to  ambiguity,  probably  caused  by  the  superposition  of  two  types  of  events  which  can 
only  be  separately  identified  by  using  quadrant  analysis. 

To  explain  the  concept,  consider  two  individual  u*  events  detected  by  the  shear  stress  criterion,  one 
lying  in  quadrant  I  and  the  other  in  quadrant  IV  of  the  u-v  plane.  Both  are  single  sided  events.  If 
VITA  detects  both  these  events  as  positive  by  checking  the  slope  at  their  centers,  the  ensemble  average 
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Figure  15.  Bnseab l e- averaged  events  based  on  threshold  detection  applied 

to  u*v‘  signal  at  y/6  ~  0.65:  Quadrants  I  (u+,  v+); 

II  (u-,  v+);  III  (u-,  v-);  IV  (u+,  v-).  (Fernando  et  al.  1987) 
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Figure  16.  Ensemble- averaged  events  based  on 
VITA  at  y/6  -  0.65  (from  Fernando  et  al.  1987). 


Figure  17.  A  possible  explanation  as  to  the 
difference  between  ensemble  averages  obtained 
by  the  VITA  technique  and  by  threshold 
criteria  applied  to  the  shear  stress  (from 
Fernando  et  al.  1987). 


of  these  two  events  would  be  a  two  sided  event.  Figure  17  clarifies  the  concept.  Depending  on  exactly 
where  the  VITA  technique  checks  the  slope,  these  events  could  have  been  picked  up  as  negative  events, 
giving  a  two  sided  negative  event.  This  may  explain  why  positive  and  negative  VITA  events  are  nearly 
mirror  reflections  of  each  other,  about  the  velocity  axis. 

It  can  be  argued  that  the  quadrant  method  is  a  more  physically  realistic  method  to  use  as  a  detection 
criterion,  since  the  detected  events  are  associated  with  high  levels  of  shear  stress,  whereas  this  is  not 
necessarily  true  for  the  ensemble  averages  derived  from  the  VITA  technique.  It  seems  better,  therefore, 
to  conditionally  sample  directly  on  the  u’v*  signal  rather  than  on  the  u’  signal,  as  with  the  VITA  tech¬ 
nique.  In  particular,  1)  the  detected  events  then  contain  a  large  fraction  of  the  shear  stress;  2) 
similar  patterns  of  uv  are  grouped  together,  unlike  VITA,  and  therefore  stronger,  more  clearly  defined 
ensemble  averages  result;  3)  the  events  are  consistent  with  simple  boundary  layer  hairpin  vortex  models; 
and  4)  the  detection  criterion  has  no  preset  bias  towards  any  particular  frequency,  unlike  the  VITA 
detection  function. 

4.  DISCUSSION 

For  the  zero  pressure  gradient  case,  the  experiments  showed  that  large-scale  structures,  inclined  at 
about  45°  to  the  wall,  appear  to  fill  the  major  extent  of  the  boundary  layer.  As  they  convect  down¬ 
stream,  these  structures  retain  much  of  their  shape  and  character,  and  preserve  their  identify  for  at 
least  1.5  (S  However,  the  spanwise  extent  of  the  structures  is  rather  limited.  The  average  and  the 
instantaneous  behavior  of  these  structures  was  found  to  be  consistent  with  a  distribution  of  hairpin 
vortex  loops.  Furthermore,  the  effect  of  compressibility  on  the  large-scale  organized  structures  in  an 
undisturbed  turbulent  boundary  layer  appears  to  be  small.  For  example,  the  deduced  structure  angles  from 
this  investigation  are  consistent  with  Head  and  Bandyopadhyay's  [1981]  observations  and  Alving’s  recent 
measurements  in  incompressible  flow.  The  eddy  angle  is  low  near  the  floor,  increases  quickly  to  45° 
(where  it  remains  throughout  70%  of  the  boundary  layer),  and  increases  again  near  the  edge  of  the 
boundary  layer.  For  the  flows  with  adverse  pressure  gradients,  the  structures  appear  to  have  a  higher 
characteristic  angle,  although  the  measurements  and  flow  visualization  suggest  that  a  strong  pressure 
gradient  is  required  to  make  a  noticeable  difference. 

The  measurements  in  fully  developed  turbulent  water-channel  flows  by  Johansson  and  Alfredson  [1982] 
using  VITA  conditional  sampling  show  a  strong  similarity  to  the  VITA  conditional  results  presented  by 
Spina  &  Saits  (1987).  Furthermore,  the  ensemble-averaged  positive  VITA  events  detected  in  incompressible 
flow  by  Thomas  and  Bull  [1983]  were  found  to  be  strikingly  similar  to  the  mass  flow  events  observed  in 
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the  zero  pressure  gradient  case.  However,  although  VITA  conditional  sampling  is  a  very  useful  technique, 
it  does  have  limitations.  When  this  technique  was  applied  to  a  u’v1  signal  obtained  from  a  crossed-wire 
in  an  undisturbed  supersonic  boundary  layer,  the  conditionally  sampled  signal  consisted  only  of  negative 
and  positive  spikes.  Yet,  the  resultant  positive  ensemble  average  event  contained  a  combination  of 
positive  and  negative  excursions  about  the  mean.  Thus,  these  ensemble  averages  are  not  representative  of 
the  signal  shapes  in  the  original  signal.  Conditional  sampling  techniques  based  on  the  quadrant  method 
appear  to  be  less  ambiguous  and  more  physically  meaningful.  The  drawback  of  the  quadrant  method  is  that 
u*  and  v*  information  is  required,  and  unfortunately  crossed-wires  are  difficult  to  use  in  supersonic 
flows.  Wire  breakages  are  very  co»on,  strain-gaging  is  often  a  problem,  and  spatial  resolution  is 
usually  rather  limited  (Fernando  et  al.  1987).  Nevertheless,  it  seems  essential  to  develop  the  crossed- 
wire  technique  for  future  investigations. 

Refined  flow  visualization  techniques  are  also  essential.  At  present,  we  are  developing  a  method  of 
conditionally  sampling  schlieren  images  of  boundary  layer  structure  in  supersonic  flow.  This  technique 
is  based  on  that  described  in  Section  2.  A  hot-wire  probe  is  used  to  detect  the  presence  of  strong, 
large-scale  notions  by  using  a  real-time  analog  of  the  VITA  detection  method.  Upon  detection,  a  light 
source  is  flashed  to  record  a  microsecond  exposure  schlieren  image  on  video  tape.  The  hot-wire  output  is 
recorded  simultaneously  on  the  same  video  frame,  and  a  typical  image  is  shown  in  Fig.  10.  The  image  was 
recorded  using  a  CCD  camera  with  linear  gain  so  that  the  intensity  can  be  linearly  related  to  density 
gradient,  and  images  can  be  added  to  obtain  an  ensemble-averaged  picture.  The  conditionally  sampled 
nature  of  the  inagea  means  that  we  record  only  large  events  which  are  in  the  plane  of  the  wire.  We  hope 
this  method  will  remove  the  spatial  integration  effect  of  schlieren  images.  The  preliminary  results 
presented  by  Smith  and  Smits  (1986)  look  encouraging. 

Smith  has  also  recently  made  high  speed  (40K  frames/sec)  laser  schlieren  movies  of  a  supersonic 
boundary  layer  which  clearly  show  the  presence  of  strong  large-scale  motions  convecting  within  the  layer. 
Figure  18  is  a  typical  sequence  of  alternate  frames  taken  from  one  of  these  movies.  (The  camera  exposes 
frames  alternately  on  either  side  of  the  film).  Although  is  it  possible  to  "threshold"  the  schlieren 
images  so  that  only  the  very  strongest  structures  are  detected,  the  spatial  integration  inherent  in  the 
schlieren  technique  makes  it  difficult  to  produce  convincing  images  of  individual  structures.  One  way 
around  this  problem  may  be  to  photograph  laser  sheet  cross-sections  through  smoke  or  some  other  light 
scattering  medium  introduced  at  some  strategic  point  in  the  flow.  Unfortunately,  it  is  difficult  to 
provide  sufficient  light  intensity  to  record  the  images  on  movie  film  or  still  photographs.  Further 
work  is  in  progress. 
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SUMMARY 

The  measurement  of  skin  friction  in  rapidly  distorted  compressible  flows  is  difficult, 
and  very  few  reliable  techniques  are  available.  A  recent  development,  the  Laser 
Interferometer  Skin  Friction  meter  (LISF) ,  promises  to  be  useful  for  this  purpose.  This 
technique  interferometrically  measures  the  time  rate  of  thinning  of  an  oil  film  applied 
to  an  aerodynamic  surface.  Under  proper  conditions  the  wall  shear  stress  may  thus  be 
found  directly,  without  reference  to  flow  properties.  In  the  present  work,  the  applic¬ 
ability  of  the  LISF  meter  to  supersonic  boundary  layers  is  examined  experimentally.  Its 
accuracy  and  repeatablity  are  assessed,  and  conditions  required  for  its  successful 
application  are  considered. 

1.  INTRODUCTION 

The  traditional  methods  for  the  measurement  of  skin  friction  in  compressible  flows  have 
been  reviewed  previously,  eg  by  Winter  (1977) .  Recent  developments  were  also  surveyed  by 
Settles  (1986) .  Briefly,  other  than  the  direct  measurement  of  wall  shear  stress  by  a 
balance,  most  of  the  available  techniques  infer  skin  friction  from  some  other  measured 
quantity  (such  as  heat  transfer  or  pitot  pressure).  The  validity  of  such  inferential 
methods  is  questionable  in  such  complex  flows  as  rapidly  distorted  turbulent  boundary 
layers.  Further,  floating-element  balances  themselves  have  serious  problems  in  rapidly 
distorted  flows,  especially  due  to  pressure  gradients.  Thus,  for  the  class  of  flows  in 
question,  reliable  measurement  techniques  are  almost  nonexistent. 

A  recent  development,  the  Laser  Interferometer  Skin  Friction  meter  (LISF) ,  may  help  solve 
this  problem.  The  LISF  meter  was  invented  by  Tanner  and  Blows  (1976),  and  subsequently 
refined  by  Tanner  (1981),  Monson  and  Higuchi  (1981),  Monson,  Driver  and  Szodruch  (1981), 
Monson  (1983  and  1984),  and  most  recently  by  Westphal,  Bachalo,  and  Houser  (1986).  It 
interferometrically  senses  the  time  rate  of  thinning  of  an  oil  film  on  a  polished  surface 
subjected  to  aerodynamic  shear.  In  two-dimensional  flows  without  pressure  gradients,  oil 
lubrication  theory  then  gives  the  wall  shear  stress,  TV/f  directly  without  any  reference 
to  the  properties  of  the  overlying  boundary  layer.  While  some  corrections  are  required 
in  three-dimensional,  pressure-gradient,  and  shear-gradient  flows,  the  instrument  none¬ 
theless  delivers  what  may  be  considered  a  "quasi-direct"  measurement  of  skin  friction. 
Since  the  idea  is  new,  apparently  only  four  LISF  instruments  have  been  built  to  date: 
Tanner's,  Monson's,  Westphal's,  and  the  Penn  State  instrument  intended  for  compressible 
flow  measurements  and  described  below. 

Monson,  Driver,  and  Szodruch  (1981)  were  the  first  to  attempt  LISF  measurements  in  super¬ 
sonic  flows.  Although  the  technique  ignores,  in  principle,  the  speed  of  the  flow,  dif¬ 
ficulties  were  experienced  nonetheless.  For  example,  Mateer  (1984)  was  unable  to  obtain 
LISF  interference  fringes  in  high-Reynolds-number  transonic  flow  due  to  the  presence  of 
surface  waves  on  the  oil  film.  Murphy  and  Westphal  (1985)  have  since  studied  the  surface 
wave  problem  theoretically,  and  various  improvements  have  been  made  in  the  experimental 
apparatus  (Westphal  et  al,  1986) . 

The  cited  previous  work  demonstrates  that  the  LISF  meter  is  an  elegant  experimental  tech¬ 
nique  for  low-speed,  continuous-running  test  facilities.  Though  it  loses  some  of  its 
elegance  in  compressible  flows,  it  still  appears  to  be  practical  and  useful.  Since  the 
theoretical  background  and  description  of  the  LISF  meter  are  readily  available  in  the 
cited  literature,  most  of  that  information  will  not  be  repeated  here.  Instead,  this 
chapter  considers  the  applicability,  repeatability,  and  accuracy  of  the  technique  for  use 
in  compressible  flows  as  determined  by  an  experimental  calibration  over  a  range  of  Mach 
numbers. 

2.  FACILITY  AND  INSTRUMENT  DESCRIPTION 

The  wind  tunnel  used  in  this  study  is  an  intermittent  blowdown  facility  with  a  15x17  cm 
test  section.  An  asymmetric  sliding-block  nozzle  permits  testing  over  the  range  1.5  <  M 
<  4.0.  Test  times  vary  from  a  few  seconds  to  about  two  minutes  at  stagnation  pressures 
from  3  to  15  atm  and  near-ambient  stagnation  temperatures.  A  polished  stainless  steel 
flat  plate  spans  the  test  section,  with  optical  glass  windows  on  either  side.  All  results 
discussed  here  were  obtained  with  near-adiabatic  wall  conditions  on  the  flat  plate. 

Fig.  1  is  a  diagram  of  the  LISF  meter  setup  currently  used  for  testing  in  this  wind 
tunnel  facility.  The  instrument  consists  of  a  pedestal-mounted  optical  breadboard,  0.9m  x 
1.2m  in  size,  upon  which  are  mounted  the  optical  sending  and  receiving  elements  of  the 
interferometer.  In  the  sending  apparatus,  the  beam  from  a  5  milliwatt  linearly-polarized 
helium-neon  laser  is  divided  by  a  beamsplitter,  yielding  about  50%  reflected  and  50% 
transmitted  power.  The  reflected  beam  from  the  front  surface  of  the  beamsplitter  is 
focused  by  a  lens  to  form  a  spot  of  about  300  fim  diameter  at  an  appropriate  point  on  the 
flat  plate  in  the  wind  tunnel.  The  reflected  beam  from  the  back  surface  of  the  beam- 
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splitter  is  blocked.  The  beam  transmitted  by  the  beamsplitter  is  aimed  by  an  adjustable 
first-surface  mirror  and  is  also  focused  on  the  flat  plate  with  the  same  spot  size  and 
incidence  angle  as  the  first  beam.  These  two  incident  beams  are  positioned  to  form  spots 
about  1  mm  apart  on  the  fiat  plate. 

During  experiments,  a  thin  film  of  oil  applied  to  a  local  region  of  the  flat  plate  is 
sheared  by  Each  incident  laser  beam  is  reflected  by  both  the  surface  of  the  oil  film 
and  the  polished  plate  beneath  it.  This  produces  two  pairs  of  interfering  laser  beams 
directed  out  of  the  wind  tunnel  through  a  window.  These  beams  are  intercepted  by  two 
first-surface  aiming  mirrors,  whence  each  pair  is  directed  onto  a  separate  photodiode 
through  a  6328  Angstrom  filter.  Each  photodiode  senses  a  time-dependent  light  intensity 
due  to  the  interference  of  light  reflected  from  the  oil  film  and  test  surface.  The  two 
photodiode  outputs  are  amplified,  low-pass  filtered  to  remove  high-frequency  noise,  and 
recorded.  Direct  digitization  and  storage  of  these  data  is  accomplished  by  a  micro¬ 
computer  equipped  with  an  A/D-converter  board.  For  present  purposes  a  20Hz  data  rate  was 
chosen,  yielding  at  least  20  points  per  fringe.  The  photodiode  output  is  also  monitored 
on  a  stripchart  recorder  during  experiments. 

Fig.  2  shows  a  typical  digitized  fringe  record  from  the  present  data  set.  Upon  startup  of 
the  wind  tunnel  the  oil  film  is  initially  too  thick,  resulting  in  surface  waves  which 
scatter  the  laser  beams  and  cause  an  abrupt  reduction  in  signal  intensity.  After  a  few 
seconds  the  thinning  of  the  film  begins  to  suppress  the  surface  waves  and  visible  fringes 
appear.  However,  these  initial  fringes  (appearing  as  sine  waves  in  Fig.  2)  are  still 
affected  by  surface  waves.  Following  the  disappearance  of  surface  waves,  typically  5  to  9 
usable  fringes  are  obtained  before  the  end  of  a  test-  Toward  the  end,  the  fringe  period 
grows  such  that  less  than  1/2  fringe  is  gained  by  extending  the  tunnel  run  time.  Further, 
as  the  oil  film  thins  to  approach  the  scale  of  the  surface  roughness  on  the  flat  plate, 
additional  distortions  occur. 

3.  DATA  REDUCTION  PROCEDURE 

Primarily  due  to  the  limited  fringe  count  available  in  a  given  LISF  test  in  supersonic 
flow,  the  data  reduction  procedure  is  necessarily  somewhat  different  from  that  reported 
by  other  investigators  for  incompressible  flows.  Given  only  5-9  fringes,  it  becomes 
necessary  to  determine  Tv,  based  on  the  entire  signal  within  the  usable  fringe  record. 
Merely  determining  the  time  interval  required  for  a  given  number  of  fringes,  as  is  done 
in  incompressible  flow,  does  not  yield  sufficient  accuracy  here. 

Thus,  the  first  issue  is  to  define  that  part  of  the  fringe  record  which  is  usable.  Ai» 
noted  earlier,  the  initial  fringes  suffer  from  surface-wave  distortion,  rendering  them 
unusable.  From  experience,  we  have  determined  that  initial  data  lying  outside  the  fringe 
"envelope,”  shown  by  dashed  lines  in  Fig.  2,  are  unusable.  A  more  rigorous  criterion  is 
applied  later  in  the  data  reduction  procedure  as  described  below. 

The  next  step  in  the  data  reduction  procedure  is  to  smooth  the  raw  fringe  data.  Smoothing 
is  required  to  eliminate  any  noise,  which  would  confuse  the  automated  determination  of 
the  fringe  peaks.  Any  reasonable  smoothing  algorithm  can  be  used.  A  simple  adjacent- 
point  averaging  technique  has  been  used  for  the  results  presented  here. 

The  main  equation  for  LISF  data  reduction,  assuming  constant  wall  shear  stress,  is  given 
(eg  by  Monson  and  Higuchi,  1981)  as: 

xMTw  XN'f)/[2np  v  cos(r)]  (1) 

where  x  =  distance  from  oil  film  leading  edge  to  laser  beam  spot,  N'=  effective  fringe 
number,  t'=  effective  oil-flow  time,  n  =  oil  refractive  index,  p=  oil  density,  v =  oil 
viscosity,  \  =  laser  wavelength,  and  r  =  oil  refraction  angle.  The  use  of  this  equation 
for  compressible  LISF  data  reduction  is  somewhat  complicated  by  the  fact  that  wall 
temperature  changes  affect  the  oil  viscosity  directly.  For  the  present  experiments, 
the  flat  plate  wall  temperature,  Tw,  decreases  gradually  with  time,  requiring  the 
following  second-order  polynomial  curvefit: 

T„(t)  =  a2  +  a2t  +  a3t2  (2) 

The  oil  viscosity  as  a  function  of  time  can  then  be  expressed,  in  terms  of  a  reference 
viscosity  Vr  at  reference  temperature  Tr,  as: 

l»(t)  =  Vrexp[-s(a!  +  a2t  +  a3t2  -  Tr)  ]  (3) 

where  s  =  the  oil  temperature-viscosity  coefficient,  determined  by  an  independent  testing 
laboratory,  of  the  Dow-Corning  "200"  silicone  oil  used  in  the  present  experiments. 

Using  Eqns.  2  and  3,  the  data  points  of  the  fringe  signal  at  each  corresponding  time,  t^, 
are  corrected  to  constant  effective  Tw  conditions  over  the  length  of  a  wind  tunnel  test, 
yielding  the  following  expression  for  the  corrected  time  interval  At^ • ; 

Ati'  =  (  At  +  (sa2/2)(ti2  -  ts2)  +  (s/3)(a3  +  sa22/2)(ti3  -  ts3)  +  (s2a2a3/4) (ti4  -  ts4) 

+  (s3a22a3/10) (tj5  -  ts5> )exp[s(aj  -  Tr) ]  (4) 

where  ts  is  the  starting  time  at  which  usable  fringes  begin.  The  smoothed,  temperature- 
corrected  fringe  data  may  now  be  used  to  find  N'  and  t'  for  each  fringe  peak. 


Oil  lubrication  theory  dictates  that  the  product  N't'  in  Eqn.  1,  when  evaluated  at  the 
laser  beam  spot  location  where  x  is  fixed,  must  also  be  constant: 


N't'  =  (N*  +  ANi)(t'  +  Ati')  =  (N*  +  AN2)(t'  +  At?’)  =  constant  (5) 

(Here,  ANi  is  the  incremental  change  in  fringe  number.)  Thus,  the  effective  fringe 
number,  N',  and  the  effective  oil-flow  time,  t',  for  any  fringe  peak  can  be  calculated 
using  any  other  two  fringe  peaks  according  to: 

N'  «  -  [  An2(  At 2 V  Ati*  -  l)]/[  At2V  Ati*  -  AN2/  ANi]  (6) 

t'  *  -  Ati' <N'/  ANi  +  1)  (7) 

In  order  to  minimize  the  effect  of  random  errors  in  the  fringe  data,  we  have  computed 
N ' , t 1  for  each  peak  using  all  possible  combinations  of  the  other  peaks  in  the  signal, 
then  averaged  the  results. 

These  results  are  next  compared  with  oil  lubrication  theory  in  the  N',t'  plane,  as  shown 
by  example  in  Fig.  3.  Each  triangle  shown  represents  the  N 1  value  of  a  given  fringe  peak 
in  the  LISF  signal.  A  least-squares  curvefit  of  the  data  to  the  lubrication  theory  is 
performed,  followed  by  a  computation  of  the  reduced  chi-squared  deviation  of  the  data 
from  the  fitted  curve.  Then,  the  first  fringe  peak  is  eliminated  and  the  fit  is 
repeated.  This  process  is  continued  up  to  AN  =  -2  (the  fifth  fringe  peak  from  the 
last  peak  of  the  fringe  signal).  The  starting  point  which  results  in  a  minimum  reduced 
chi-squared  for  the  fit  defines  our  rigorous  criterion  for  the  best  answer.  Since 
lubrication  theory  is  the  basis  for  the  LISF  meter,  those  early  fringes  which  are 
contaminated  by  surface  wave  distortions  to  the  extent  that  they  do  not  fit  the  theory 
must  be  discarded.  In  the  example  of  Fig.  3  (corresponding  to  the  raw  data  shown 
previously  in  Fig.  2),  seven  usable  fringe  peaks  remain  after  this  process  has  been 
completed.  The  result  of  this  optimized  curvefit  is  an  accurate  value  of  the  product 
N't',  based  on  the  total  usable  signal,  for  use  in  determining  Tw  from  Eqn.  1. 

Of  the  remaining  parameters  in  Eqn.  1,  n  is  known  from  the  oil  manufacturer's  data.  The 
oil  refraction  angle,  r,  is  calculated  from  the  measured  incident  laser  beam  angle  and 
Snell's  law.  Oil  viscosity,  V  ,  and  density, p  ,  are  determined  based  on  the  constant 
effective  wall  temperature  of  the  experiment  as  discussed  earlier.  The  distance,  x,  from 
the  oil  film  leading  edge  to  the  laser  beam  spot,  is  measured  prior  to  the  experiment  by 
means  of  a  cathetometer  with  a  least  count  of  0.025  mm.  The  repeatability  cf  this 
measurement  has  been  established  at  ±  2%,  using  an  auxilliary  white  light  reflected 
from  the  oil  film  to  aid  visibility.  In  previous  work  the  dual  laser  spots  of  the 
instrument  were  used  to  eliminate  the  measurement  of  x.  In  the  present  case,  however,  x 
is  measured  for  both  spots  and  the  two  fiinge  signals  are  independently  reduced  to 
provide  redundancy  of  the  measurement . 

4.  ISSUES  REGARDING  COMPRESSIBLE-FLOW  LISE  MEASUREMENTS 

In  addition  to  the  data  reduction  modifications  discussed  above,  several  other  factors 
need  to  be  considered  in  LISF  setup  and  operation  in  compressible  flows: 

4.1  Beam  polarization  and  orientation. 

For  maximum  beam  reflection  intensity  with  the  optics  arranged  as  shown  in  Fig.  1,  the 
polarization  vectors  of  the  incident  light  beams  should  be  perpendicular  to  the  t*=>s*- 
surface  (S-polarization) .  This  is  achieved  by  rotating  the  laser  in  its  mount  until 
maximum  transmission  occurs  through  a  polarizing  filter  with  its  axis  perpendicular  tc  the 
test  surface.  Further,  a  maximum  fringe  count  is  obtained  when  the  beam  incidence  angle 
with  the  test  surface  approaches  90  deg,  which  becomes  highly  desirable  for  compres¬ 
sible-flow  measurements.  (This  was  prevented  by  window  locations  in  the  present 
experiments.  Instead,  a  51  deg  incidence  angle  was  required  as  illustrated  in  Fig.  1.) 

4.2  Surface  wave  phenomena. 

As  mentioned  previously,  surface  wave  phenomena  on  the  oil  film  appear  to  impose  the  most 
serious  limitation  on  LISF  meter  usefulness  in  high-speed  flows.  Monson,  Driver,  and 
Szodruch  (1981)  found  that  these  waves  are  promoted  by  the  high  shear  levels  typical  of 
supersonic  flows.  Murphy  and  Westphal  (1985)  found  that,  as  the  oil  film  thins  suffi¬ 
ciently,  the  waves  move  downstream  and  LISF  data  may  be  obtained  near  the  film  leading 
edge.  However,  at  this  point  in  our  high-speed  flow  tests  the  film  has  already  become 
quite  thin. 

Fig.  4  shows  the  wave-free  oil  film  thickness  as  a  function  of  Mach  number  and  oil 
viscosity  from  the  present  experiments.  Since  Refl  is  relatively  constant  at  about  12,000 
to  14,000  for  all  the  data  shown,  the  situation  tends  to  improve  somewhat  as  M  increases 
and  Tw  decreases.  However,  in  no  case  was  a  usable  oil  film  thickness  greater  than 
2.6  /im  obtained. 

Thus  the  surface  wave  phenomena  have  a  direct  impact  on  the  number  of  usable  interference 
fringes  obtainable  in  a  given  test,  and  tnus  on  the  accuracy  of  the  results.  By  carefully 
analyzing  these  few  obtainable  fringes,  we  have  made  successful  LISF  measurements  with 
shear  levels  up  to  205  N/m2.  However,  it  seems  possible  that  there  is  an  upper  wall  shear 
stress  limit  on  the  success  of  the  instrument,  and  that  this  places  the  most  serious 
limitations  on  the  use  of  the  LISF  meter  in  transonic  flows  at  high  Reynolds  numbers. 
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4.3  Maximum  number  of  usable  fringes. 

In  view  of  the  above,  it  is  desirable  to  optimize  all  test  parameters  in  order  to  obtain 
the  maximum  number  of  usable  fringes,  Nmax,  that  can  be  obtained  for  given  test  conditions 
in  high-speed  flow.  Present  results  indicate  that  Nmax,  for  a  given  uest  geometry,  is  a 
function  of  Tw»  oil  viscosity,  and  leading-edge  distance  x.  The  effect  of  Mach  number 
and  oil  viscosity  on  Nroax  is  shown  in  Fig.  5.  The  highest  usable  fringe  count  (9)  was 
obtained  at  M  =  3.92,  where  Tw  =  122  N/m*- .  At  M  =  2.43,  with  Tw  =  205  N/m2,  at  most  5 
fringes  were  obtained.  The  effect  of  oil  viscosity  over  the  range  of  50  to  1000  centis- 
tokes  is  noticeable,  with  a  value  of  500  centistokes  yeilding  the  largest  number  of 
usable  fringes  for  present  flow  conditions.  The  optimum  distance,  x,  from  the  oil-film 
leading  edge  to  the  laser  beam  spot  is  found  to  equal  the  length  of  wave-free  oil  film 
downstream  of  the  film  leading  edge  at  the  time  when  supersonic  flow  is  first  established 
(a  few  seconds  after  the  airflow  begins) .  For  present  conditions,  using  500  centistokes 
oil,  the  optimum  x  =  2,  3,  4,  and  5  mm  for  M  =  2.43,  2.95,  3.51,  and  3.92,  respectively. 

4.4  Preparation  of  oil  film. 

About  0.03  cm2  or  more  of  oil  is  necessary  to  produce  an  oil  film  of  sufficient  coverage 
on  the  test  surface.  The  oil  is  "pre-thinned"  into  an  intial  film  by  squeezing  it  with  a 
small  flat  glass  plate  prior  to  the  test,  thus  reducing  the  lost  run  time  before  the 
surface  waves  migrate  downstream.  While  a  very  thin  initial  film  is  desirable  to 
minimize  surface  waves,  it  is  not  possible  to  pre-thin  the  film  to  such  small  dimen¬ 
sions  as  those  shown  in  Fig.  4.  Thus,  no  attempt  is  made  to  rigidly  control  the  initial 
film  thickness.  Variations  in  initial  thickness  then  show  up  only  as  variations  in  the 
test  duration  before  usable  fringes  begin  to  occur.  These  variations  are  minimized  when 
the  optimum  leading  edge  distance,  x,  is  maintained  as  described  above. 

The  oil  film  leading  edge  should  be  straight  and  normal  to  the  flow  direction.  After  an 
oil  drop  is  applied  to  the  test  surface  and  pre-thinned,  a  sharp  leading  edge  is  created 
by  cutting  the  film  with  the  edge  of  an  index  card.  The  region  upstream  of  this  leading 
edge  is  then  cleared  of  oil  by  wiping  it  with  lens  tissue. 

4.5  Preparation  of  test  surface. 

The  LISF  meter  has  the  advantage  that  it  does  not  reguire  any  equipment  installation  in 
the  surface  of  a  model  to  be  tested.  However,  it  is  necessary  that  the  test  surface  be 
highly  and  uniformly  polished  so  that  it  produces  specular  liqht  reflection.  Given  a 
suitable  surface  material,  such  a  polish  with  average  irregularit  down  to  0.05  Mm  can 
be  obtained  using  a  polishing  powder  such  as  aluminum.  Aluminum  surfaces  themselves, 
however,  have  not  performed  well  in  our  experience,  being  too  soft  to  hold  the  necessary 
polish  during  extended  testing.  While  abrasion  from  particles  in  the  airstream  will 
spoil  any  surface  for  LISF  work,  stainless  steel  has  shown  the  best  poJ ish  and  durability 
characteristics  during  the  present  experiments. 

4.o  Effect  cf  particles  in  the  airstream. 

Any  particles  entrained  in  the  flow  tend  to  disturb  the  oil  film  and  distort  the  resulting 
LISF  fringe  records.  This  problem  is  especially  noticeable  for  test  surfaces  inclined 
toward  the  oncoming  airstream,  where  particle  impacts  tend  to  damage  the  highly-pol ished 
surface.  Potential  LISF  users  are  cautioned  that  the  technique  is  not  likely  to  succeed 
in  a  "dirty"  test  environment. 

4.7  Wind  tunnel  vibration. 

Most  interferometric  methods  are  vibration-sensitive,  and  the  LISF  meter  is  no  exception. 
Fortunately,  the  fringe  frequency  is  well  below  that  of  turbulence-generated  flow  noise, 
so  that  effective  low-pass  signal  filtering  can  be  accomDlished .  Nonetheless,  precautions 
should  be  taken  to  isolate  the  instrument  from  low-frequency  vibrations.  The  optics 
should  be  rigidly  mounted  to  a  common  frame  and  kept  free  of  dust.  Further,  long-focal- 
length  lenses  are  preferred  for  laser  beam  focusing  on  the  test  surface  in  order  to 
minimize  vibration-induced  changes  in  beam  spot  diameter.  Finally,  both  the  test  surface 
and  any  intervening  glass  windows  must  be  cleaned  thoroughly  between  wind  tunnel  runs  to 
remove  moisture  and  residual  oil. 

4.8  Oil  film  heating  bv  laser  beam. 

Previous  investigators  have  attenuated  their  laser  beams  to  avoid  the  possibility  of 
heating  the  oil  film,  thus  changing  its  viscosity.  In  the  present  case,  the  surface 
temperature  beneath  the  beam  spot  was  monitored  for  more  than  one  hour  with  the  beam  at 
full  power  (2.5  mW) ;  no  appreciable  heating  was  observed.  It  is  thus  recommended  that  no 
attenuation  be  used  for  helium-neon  lasers  in  the  milliwatt  range. 

4.9  Oil  film  evaporation. 

While  evaporation  errors  appear  negligible  in  low-speed  flows,  they  may  be  significant  in 
high-speed  testing  where  Tw  is  high  and  static  pressure  is  low.  Unfortunately,  it 
appears  not  possible  to  make  a  straightforward  calculation  of  the  evaporation  rate,  since 
the  diffusion  coefficients  or  effective  gas  constants  of  polymer  oils  are  unknown.  It  is 
known,  however,  that  the  vapor  pressure  of  Dow-Corning  "200"  silicone  oil  (500  centi¬ 
stokes  viscosity)  at  10  deg  C  is  a  few  millionths  of  an  atmosphere,  which  is  far  below 
the  minimum  tunnel  static  pressure  (0.09  atmosphere)  of  the  present  experiments.  Further, 
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the  calibration  test  results  presented  below  show  no  evidence  of  a  systematic  positive 
nrror  with  increasing  Mach  number,  which  would  result  if  oil  evaporation  were  significant. 

5.  CALIBRATION  EXPERIMENTS 

Given  the  constraints  described  above,  tests  have  been  carried  out  to  determine  the 
repeatability  and  accuracy  of  the  LISF  meter  in  a  controlled  compressible-flow  environ¬ 
ment.  The  turbulent  boundary  layer  on  the  near-adiabatic  flat  plate  described  earlier  was 
used  for  this  purpose.  For  calibration  standards,  a  finite-difference,  eddy-viscosity 
code  (EDDYBL) ,  the  Van  Driest  II  theory  (Van  Driest,  1956),  and  the  results  of  curvefits 
of  the  wall-wake  similarity  law  (Settles,  1986)  to  measured  boundary  layer  profiles  have 
been  used.  Sixteen  LISF  tests  each  were  conducted  at  Mach  numbers  of  2.43,  3.51,  and 
3.92,  while  19  such  tests  were  conducted  at  Mach  2.98.  Reg  was  held  relatively  constant 
(between  12,000  and  14,000)  for  all  these  data,  but  several  different  values  of  oil 
viscosity  were  used. 

The  calibration  results  are  shown  in  Fig.  6,  where  Cf/Cf^  is  plotted  vs.  Mach  number  (Cf^ 
is  the  equivalent  incompressible  skin  friction  coefficient).  Error  bars  on  both  the  LISF 
and  the  wall-wake  data  illustrate  the  ranges  of  the  values  obtained.  For  comparison,  a 
typical  error  band  from  earlier  incompressible  LISF  tests  in  our  laboratory  is  also  shown 
at  M  =  o  in  Fig.  6. 

The  overall  repeatability  of  the  compressible  LISF  data  is  within  ±  4%,  which  is  the 
standard  deviation  about  the  mean.  The  wall-wake  curvefit  data  have  similar  repeat¬ 
ability,  though  fewer  samples  were  involved  in  their  determination. 

The  accuracy  of  the  LISF  results  may  be  assessed  by  the  comparison  with  wall-wake.  Van 
Driest  II,  and  EDDYBL  results  shown  in  Fig.  6.  At  worst,  the  mean  LISF  value  falls  8% 
below  the  mean  of  the  3  calibration  standards  at  M  =  2.43.  This  error  improves  to  -3%  at 
M  =  3.92,  presumably  due  in  part  to  the  improvement  in  LISF  fringe  count  as  M  increases. 
The  viscosity  uncertainty  of  the  silicone  oil  itself  (which  contributes  an  uncertainty  of 
equal  magnitude  to  cf)  is  within  ±  1%  as  determined  by  an  independent  testing  lab. 

Finally,  experience  indicates  that  no  known  skin  friction  technique  has  a  trusted  accuracy 
better  than  about  ±  3%. 

6.  CONCLUSIONS 

The  present  LISF  meter  results  in  compressible  flow  demonstrate  that  the  instrument  is 
potentially  very  useful.  It  will  not  replace  simpler  methods  such  as  the  Preston  tube  or 
wall-wake  fit  for  flows  simple  enough  to  admit  the  latter.  It  is  also  least  accurate  in 
cases  of  extremely  high  wall  shear  stress.  Nonetheless,  the  LISF  meter  has  the  potential 
to  deliver  quasi-direct  Cf  measurements  in  a  wide  range  of  compressible  flews  including 
rapidly  distorted  flows,  hypersonic  flows,  and  three-dimensional  flows.  Such  measurements 
are  sorely  needed,  for  example,  to  aid  in  the  validation  of  computational  flow  predic¬ 
tions,  especially  as  regards  turbulence  modeling.  The  success  of  the  LISF  meter  in  these 
cases  calls  for  proper  data  reduction  and  an  awareness  of  the  constraints  of  the  instru¬ 
ment,  as  discussed  above. 

A  suggested  improvement  to  the  instrument  is  the  use  of  a  shorter  laser  light  wavelength, 
which  should  increase  the  fringe  count  by  as  much  as  20%.  Otherwise,  more  experience  with 
the  instrument  in  complex  flows  is  needed.  The  present  authors  have  recently  carried  out 
three-dimensional  LISF  measurements  in  a  Mach  3  swept  shock  wave/boundary  layer  interac¬ 
tion  successfully  (Kim  and  Settles,  1988),  which  has  further  demonstrated  the  utility  of 
the  instrument  despite  flow  complexity  and  very  high  shear  levels. 
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Fig.  1  Diagram  of  LISF  meter:  1  -  He-Ne  laser,  2  -  50/50  beamsplitter,  3  -  planar  mirror, 
4  -  stop,  5  -  focusing  lens,  6  -  flat  plate,  7  -  planar  mirror,  8  -  housing  for 
6328  Angstrom  filter,  photodiode,  and  amplifier. 
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Fig.  2  Typical  LISF  fringe  record  (M  =  2.98,  v  -  500  centistokes) . 
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1 .  INTRODUCTION 

Hot-wire  anemometers  were  first  used  in  1888,  according  to  the  extensive  bibliography  prepared  by 
Freymuth  (1978),  and  the  application  of  hot-wire  anemometry  to  subsonic  flows  has  been  systematically 
researched  since  that  time.  Hot-wire  anemometry  in  supersonic  flows  is  more  recent,  and  the  earliest 
work  is  probably  that  due  to  Kovasznay  (1950)  and  Lowell  (1950).  Further  work  by  Kovasznay  (1953,  1954), 
Morkovin  (1956,  1962),  Laufer  &  McLellan  (1956),  and  Kistler  (1959)  advanced  the  development  of 

supersonic  hot-wire  anemometry,  and  by  the  early  sixties  the  technique  was  widely  used. 

The  instrument  in  general  use  at  that  time  was  of  the  constant  current  type.  The  wire  filament  was 
heated  using  a  constant  current  source ,  and  variations  in  heat  transfer  produced  fluctuations  in  wire 
resistance.  There  was  no  feedback  loop,  and  the  frequency  response  was  extended  beyond  the  limits  of  the 
wire  thermal  inertia  by  using  a  compensating  network  (see  Fig.  1).  With  the  development  of  stable, 
integrated-circuit  operational  amplifiers,  it  became  relatively  straightforward  to  operate  the  anemometer 
in  a  constant-temperature  mode.  In  this  mode  of  operation,  a  feedback  loop  is  used  to  keep  the  wire 
temperature  (and  resistance)  constant,  and  variations  in  heat  transfer  produce  fluctuations  ii  wire 
current.  The  main  advantage  of  the  constant  temperature  system  is  that  the  feedback  loop  automatically 
compensates  the  frequency  response  for  the  thermal  lag  of  the  wire  filament  (see  Fig.  2). 

In  subsonic  flows,  the  constant  current  mode  is  still  preferred  for  measuring  temperature 
fluctuations  but  it  has  been  largely  superseded  by  the  constant  temperature  mode  for  measuring  velocity 
fluctuations.  In  supersonic  flows,  both  instruments  are  still  in  use,  for  two  major  reasons.  Firstly, 
the  output  of  the  anemometer  is  sensitive  to  fluctuations  in  mass -flux  (cu)'  and  total  temperature  To* 
To  identify  the  individual  contributions  due  to  (ru)*  and  To  ,  it  is  necessary  to  operate  the  wire  at  a 
number  of  different  wire  temperatures  or  overheat  ratios  (see  Section  3).  Since  the  constant  temperature 
system  is  not  suitable  for  use  at  low  overheat  ratios  (Smits  et  al.  1983),  the  constant  current  system 
must  be  used.  However,  at  high  overheats  it  is  sometimes  possible  to  neglect  the  contribution  to  the 
output  due  to  To*  ,  and  then  it  is  possible  to  use  a  constant  temperature  anemometer  to  measure  (.'u) 
directly. 
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Figure  1. 


Constant  current  circuit. 


Figure  2. 


Constant  temperature  circuit. 
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The  second  major  reason  is  that  in  supersonic  flows,  the  frequency  content  of  the  signal  is  generally 
very  broad.  In  the  past,  only  the  constant  current  system  with  its  open  loop  response  offered  a 
sufficiently  wide  dynamic  range.  In  the  last  ten  years,  however,  constant  temperature  systems  with 
balanced  bridges  have  become  commercially  available,  and  an  upper  frequency  response  of  300  to  400  kHz  is 
possible  with  careful  adjustment. 

In  the  present  chapter,  we  aynrize  the  theory  and  practice  of  both  types  of  anemometer,  and  we 
discuss  the  advantages  and  disadvantages  of  each  system.  We  begin  in  Section  2  by  considering  probe 
designs  suitable  for  supersonic  flow.  Next,  the  behavior  of  a  single  wire  placed  normal  to  the  flow 
direction  is  examined,  including  its  quasi-static  response  (Section  3),  and  its  dynamic  response  (Section 
4).  The  behavior  of  inclined  and  crossed-wire  probes  is  discussed  in  Section  5,  and  the  effects  of  low 
Mach  and  Reynolds  numbers  are  considered  in  Section  6.  The  Chapter  concludes  with  two  examples  chosen  to 
illustrate  the  uncertainties  in  the  measurement  (Section  7). 

2.  PROBE  DESIGN 

The  probes  used  in  supersonic  flow  differ  somewhat  from  those  used  in  subsonic  flow  for  reasons  of 
aerodynamic  design  and  strength.  It  is  important,  for  example,  to  taper  the  prongs  and  use  a  wedge- 
shaped  body  to  minimize  aerodynamic  interference,  and  the  prongs  are  usually  kept  short  to  reduce 
vibrations  and  deflections  under  load  (Fig.  3).  For  crossed  wires 

(Fig.  4),  shocks  emanating  from  one  wire  and  its  supports  may  interfere  with  the  other  wire,  and  the 
probe  must  be  designed  to  avoid  this  interference  at  all  Mach  numbers.  Recent  work  suggests  that 
commercially  available  probes  can  be  used  when  the  prongs  are  shortened  and  wedge-shaped  fillets  are 
added  (Donovan,  Dussauge,  Horstman,  private  coonuni cat ions,  Bonnet  &  Knani  1986). 

The  filament  can  be  soldered  or  welded  to  the  prongs,  using  tungsten,  gold-plated  tungsten,  or 
platinum-plated  tungsten  as  the  filament  material  (platinum,  or  platinum- rhodium  is  not  recotaaended 
unless  the  aerodynamic  loading  is  extremely  low).  It  also  seems  possible  to  attach  the  filament  by 
glueing  (Doughaan  1972)  but  the  authors  have  had  no  experience  with  this  technique.  In  the  soldered 
design  (Fig.  3a),  the  filament  material  is  first  coated  with  copper  to  a  diameter  5  to  10  times  the 
filament  diameter.  The  coated  wire  is  soldered  to  the  prongs  and  the  central  portion  of  the  coating  is 

etched  away  using  a  dilute  acid  to  expose  the  active  portion  of  the  wire.  By  this  procedure,  the 
aerodynamic  interference  caused  by  the  relatively  bulky  prongs  is  reduced,  and  the  active  length  is  well 


Figure  3.  Hot-wire  probes:  (a)  normal  wire, 
"etched”  design;  (b)  normal  wire,  "welded”  design. 


Figure  4.  Hot-wire  probes:  (a)  single- inclined 
wire  probe;  (b)  crossed  wire  probe. 
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defined.  In  the  welded  design  (Fig.  3b),  the  uncoated  wire  filament  is  attached  to  the  prongs  directly 
by  welding.  Care  sust  be  taken  to  use  finely  tapered  prongs  to  minimize  aerodynamic  interference. 

The  length  of  the  active  filament  l  is  usually  between  0.5  am  and  2  an,  and  the  diameter  d  ranges 
from  1  urn  to  5  urn  .  If  the  wire  is  too  long,  the  spatial  resolution  deteriorates.  If  the  tyd  ratio  is 
too  small,  the  temperature  distribution  along  the  wire  is  highly  non-uniform,  and  heat  conduction  to  the 
stubs  and  prongs  can  be  significant  (see  Section  4.2).  If  the  2,/d  ratio  is  too  long,  wire  breakages  are 
more  comon.  Choosing  the  optimum  length  and  diameter  is  always  a  compromise,  and  further  recommendations 
regarding  filament  size  will  be  given  in  subsequent  sections. 


3.  STATIC  RESPONSE  OF  A  NORMAL  WIRE 
3.1  Sensitivity  of  the  Wire 

We  begin  by  considering  the  quasi-9tatic  response  of  a  wire  oriented  at  right  angles  to  the  direction 
of  a  supersonic  flow.  A  detached  bow  shock  forms,  and  the  front  face  of  the  wire  is  exposed  to  subsonic 
flow  downstream  of  this  nearly  normal  shock.  Since  the  major  part  of  the  heat  transfer  occurs  by 
convection  over  the  front  surface  area  of  the  filament,  it  is  a  good  approximation  for  reasonable 
Reynolds  numbers  (Re  >  20)  to  neglect  the  sensitivity  of  the  heat  transfer  to  Mach  number  outside  the 
transonic  regime  (that  is,  outside  the  range  0.8  <  Ma  <  1.2)  (see  Section  6).  When  Mach  number  effects 
and  low  Reynolds  number  effects  can  be  neglected,  the  wire  voltage  fluctuation  produced  by  small,  slow 
perturbations  in  flow  parameters  may  be  written  as 


That 


is, 


3E 

3  (PU) 


(pu)' 


(1) 


(2) 


where  e  '  is  the  wire  voltage  perturbation  due  to  variations  in  {>  u)'and  To'  ,  and  where  it  has  been 
assumed  that  are  no  fluctuations  in  wire  resistance  (for  constant  temperature  operation)  or  current  (for 
constant  current  operation).  The  overbars  denote  time  averaged  quantities,  and 


3£nE  / 
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Equation  2  follows  directly  from  the  assumed  functional  dependence  of  the  heat  transfer,  and  it  does  not 
depend  on  any  particular  heat  transfer  law.  All  calibration  procedures  described  in  this  chapter  are  also 
independent  of  any  such  heat  transfer  law,  although  sometimes  an  empirical  heat  transfer  relationship 
will  be  assumed  to  illustrate  a  point. 

In  this  simple  static  analysis,  the  anemometer  output  voltage  eo  is  directly  proportional  to  the 
wire  voltage  e '  for  both  the  constant  current  and  the  constant  temperature  system.  The  evaluation  of  F 
and  G,  however,  depends  strongly  on  the  mode  of  operation. 

Equations  1  and  2  indicate  that  the  response  is  sc  sitive  to  fluctuations  in  stagnation  temperature 
and  mass-flux.  It  can  be  shown  that  the  relative  sensitivity  F/G  depends  strongly  on  Aw,  where 
Aw  =■  (  3  in  Rw/3  in  I  )/2  and  Am  is  only  a  function  of  the  overheat  ratio  a*  =  (Rw  -  Re  )/H*  (Bestion  et 
al.  1983).  Here,  ft*  is  the  wire  resistance  at  the  operating  temperature,  and  Re  is  the  wire  resistance 
at  the  recovery  or  equilibrium  temperature  Te .  Figure  5  shows  the  variation  of  F/G  with  overheat  ratio 
for  a  typical  wire.  The  curve  iB  independent  of  the  mode  of  operation  of  the  anemometer  (at  the  same 
Reynolds  number,  when  the  Reynolds  number  is  low).  At  low  overheats,  the  output  is  primarily  sensitive 
to  To'  ,  and  if  the  overheat  is  low  enough  the  sensitivity  to  (pu)'  can  b2  neglected.  At  high  overheats, 
the  output  is  primarily  sensitive  to  fluctuations  in  mass-flux,  but  it  is  not  possible  to  increase  aw  to 
the  point  where  the  output  is  sensitive  only  to  (pu)'  because  there  is  an  upper  limit  on  the  overheat  set 
by  material  property  limitations.  At  high  overheats,  therefore,  the  anemometer  always  operates  with  a 
degree  of  mixed-mode  sensitivity. 


i 
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For  time-averaged  measurements,  we  have 


e,a  (pu)'1  (pu)'  t  '  T  '* 

__  c  pj  —  -  +  2  FG  — - —  +  G*  - -  (4) 

E*  PU  pU  T  T 

o  o 


and  In  principle  it  ia  possible  to  determine  (pu)  ,  (pu) 't0"  and  To  ^  operating  at  three  different 
overheats.  In  practice,  at  least  15  different  overheats  must  be  used,  and  the  results  are  analyzed  using 
the  fluctuation  diagram  method  first  suggested  by  Kovasznay  (1953).  If  the  pressure  fluctuations  are 
snail,  u'2  ,  T'2  and  u'T'  nay  be  found  by  using  the  definition  of  the  total  temperature  and  the  equation 
of  state.  By  using  the  same  procedure  within  fixed  frequency  bands,  it  is  possible  to  obtain  the 
spectral  distribution  of  velocity  and  temperature  (see,  for  example,  Bestion  1982)  . 


Figure  5.  Variation  of  the  sensitivity  ratio 
with  overheat  ratio  and  Reynolds  number  (from 
Bestion  et  al.  1983). 


The  fluctuation  diagram  method  is  usually  carried  out  over  the  range  0.02  <  a*  <  0.5.  Unfortunately, 
the  constant  temperature  system  is  difficult  to  use  at  low  overheat  ratios  because  small  fluctuations  in 
To  cause  large  relative  changes  in  aw  and  serious  non-linearities  occur  (Smits  et  al.  1983).  Moreover, 
the  sensitivity  to  To"  tends  rapidly  to  zero  as  8m  decreases.  The  fluctuation  diagram  technique  can 
therefore  be  recommended  only  for  use  with  a  constant  current  system.  However,  if  To'  is  small,  the 
constant  temperature  system  can  be  used  at  high  overheat  to  measure  (pu)'  directly.  Alternatively,  it 
may  be  possible  to  use  a  constant  current  anemometer  at  a  very  low  overheat  to  measure  To'  directly,  and 
simultaneously  use  a  constant  temperature  anemometer  at  high  overheat  to  measure  the  output  due  to  both 
(pu)'  and  To'  .  By  recording  the  signals,  u"  and  T'  may  be  found  as  a  function  of  time,  as  long  as 
pressure  fluctuations  can  be  neglected. 

For  adiabatic  flows,  T"  and  u'  can  often  be  found  by  assuming  the  Strong  Reynolds  Analogy  (Morkovin, 
1962).  That  is, 

T  U 


y/  T,a  y\,'j 

-  =  (  V  -  1  )  M*1  - 


When  p'  is  swill, 


u"  (pu)"  . 

—  =  =Z=n  [  1  -  2R  (  Y  -  1  )MaJ  +  (  Y-  1  >*  Ma**) 

U  (pu) 


(6) 


(see  also  Debieve  1976).  The  correlation  coefficient  Rtu  has  been  measured  in  a  variety  of  undistorted 
and  distorted  boundary  layers  without  heat  sources,  and  it  appears  to  be  virtually  constant  across  the 
layer  and  equal  to  0.8  (Dussauge  &  Gaviglio  1981).  Relationships  5  and  6  are  particularly  useful  for 
deducing  u  and  P  from  measurements  of  (Pu)  by  a  constant  temperature  anemometer. 
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3.2  Calibration 

Calibration  depends  on  the  mode  of  operation.  For  a  constant  temperature  system  at  high  overheat,  it 
is  necessary  to  record  the  mean  output  voltage  Eo  while  varying  the  Bass-flux  over  a  range  slightly 
larger  than  that  encountered  in  the  experiment  (for  details  see  Gaviglio  1971).  This  gives  a  plot  of  Eo 
versus  pU  (or  Nu  versus  Re,  if  preferred).  What  is  required,  however,  is  the  logarithmic  slope  of  this 
curve  9£nE0/3fcnpU  .  To  avoid  differentiating  discrete  data,  the  calibration  points  are  usually  fitted 
by  some  polynomial  and  the  sensitivity  coefficients  are  derived  analytically.  Curve  fitting 
experimental  data  to  obtain  derivatives  is  also  a  difficult  procedure  and  great  care  must  be  taken  to 
obtain  accurate  results.  When  acquiring  the  experimental  data  digitally,  it  is  possible  to  avoid  the  use 
of  sensitivity  coefficients  by  inventing  the  calibration  data  for  each  point.  For  a  constant  temperature 
system  at  high  overheat  ratio,  F  appears  to  be  almost  independent  of  Reynolds  number  and  overheat  ratio 
(see  Fig.  6).  This  result  could  be  anticipated  from  the  heat  transfer  law  suggested  by  Kovasznay  (1954), 
which  gives  F  25  n/2,  where  n  is  the  exponent  on  the  Reynolds  number  in  the  Nu(Re)  relationship.  At  low 
Reynolds  numbers,  F  is  no  longer  constant  at  low  overheat  but  since  the  constant  temperature  system 
should  only  be  used  at  high  overheats  (a*  >  0.4)  this  effect  can  usually  be  ignored. 

For  a  constant  current  system,  the  calibration  is  more  complex  because  two  sensitivities  F  and  G  must 
be  found  at  each  overheat  ratio.  In  the  usual  procedure,  the  output  current  Io  is  measured  while  varying 
an  at  constant  mass-flux  and  total  temperature.  The  mass-flux  is  then  changed,  and  the  procedure  is 
repeated  until  the  required  mass-flux  range  has  been  covered.  The  calibration  is  obtained  as  curves  of 
To  versus  aw  at  different  mass-flux  values.  A  combination  of  curve  fitting  and  interpolation  is  used  to 
find  the  sensitivity  F  at  any  particular  operating  point,  and  since  F  is  almost  independent  of  To  (see 
below),  this  procedure  gives  F  under  all  operating  conditions. 


Figure  6.  Sensitivity  coefficients  of  CTA  to 
mass  flux  (F)  and  stagnation  temperature 
fluctuations  (G)  as  a  function  of  overheat  ratio 
and  Reynolds  number  (from  Bestion  et  al.1983). 


Figure  7.  Sensitivity  coefficients  of  CCA  to 
mass-flow  (F)  and  to  stagnation  temperature 
fluctuations  (G)  as  a  function  of  overheat  ratio. 
Solid  lines,  results  from  Kovasznay  (1950); 
dotted  lines,  results  obtained  at  IMST 
( Inst i tut  de  Mecanique  Statist ique  de  la 
Turbulence,  Marseille).  From  Bestion  et  al.  1983. 


where  K  5  3?.nRw/3SJn  Tw,  and  where  it  has  been  assumed  that  the  fluid  thermal  conductivity  and  viscosity 
vary  according  to 

G  =  K  +  Aw(  K  -  1  -  a  )  -  bF  (7) 

To  find  G  (  =  3£nE0/3ln  T0),  we  could  vary  T0  while  keeping  the  mass-flow  rate  constant.  This  is 

difficult  to  achieve  in  practice,  and  we  make  use  of  the  fact  that  for  high  enough  Reynolds  number,  G  may 
be  written  as 


In  Equation  7,  F  is  known  from  the  mass-flux  calibration,  and  K  can  be  found  by  placing  the  unheated 
wire  in  a  variable  temperature  oven.  The  parameter  Aw  may  be  derived  from  the  mass-flux  calibration  (for 
a  constant  current  system  Aw  =  2  (3S.nNu/3!.nRe)  ^  ,  or  it  can  be  found  directly  during  the  experiment  by 
measuring  the  changes  in  Io  and  Rw  as  the  overheat  is  varied  at  a  fixed  mass-flux.  The  constants  a  and  b 
are  available  from  the  literature  but  some  uncertainty  exists.  Kovasznay  (1950)  uses  a  =  b  =  0.768, 

Morkovin  (1956)  suggests  a  =  0.885,  b  =  0.765,  and  Grant  &  Kronauer  (1962)  use  a  =  0.86, 

b  -  0.71.  The  effect  on  typical  boundary  layer  measurements  seems  to  be  rather  small  (see  Section  7). 

The  behavior  of  F  and  G  for  typical  constant  current  wires  is  shown  in  Fig.  7.  The  sensitivity  F  is 
almost  a  linear  function  of  aw ,  a  result  which  may  be  expected  from  the  heat  transfer  law  given  by 
Kovasznay  (1954)  which  can  be  used  to  show  that  F  ~  n  aw  at  high  Reynolds  number.  A  weak  Reynolds 
number  dependence  is  observed,  mainly  because  the  recovery  ratio  ri  =  T*/To  depends  on  Reynolds  number  for 
Re  <  20  (Laufer  &  McLellan  1956).  The  sensitivity  G  varies  with  overheat  ratio  hut  it  is  almost 

independent  of  Reynolds  number,  according  to  equation  7  (K  is  a  material  properly.  Aw  varies 

approximately  as  aw ,  a  and  b  are  fluid  properties).  The  differences  shown  in  Fig.  7  are  probably  due  to 
differences  in  material  properties  since  the  dominant  term  in  the  expression  for  G  at  high  Reynolds 
number  is  usually  the  parameter  K. 

Finally,  we  need  to  consider  how  F  and  <?  vary  with  changes  in  mean  stagnation  temperature.  When  To 
changes  during  calibration  or  measurement,  corrections  may  be  required  to  allow  for  changes  in  F  and  G. 
In  fact,  for  the  constant  temperature  system,  F  is  almost  independent  of  To  for  high  Reynolds  numbers  and 
overheat  ratios,  and  temperature  corrections  are  only  necessary  if  the  absolute  value  of  (>'u)  is  required 
and  oU  is  deduced  from  the  mean  hot  wire  output.  However,  the  hot  wire  is  not  a  very  suitable 
instrument  for  measuring  mean  flow  quantities,  and  this  practice  should  be  avoided.  If  U  is  available 
from  additional  measurements,  temperature  corrections  are  not  required  at  any  stage  and  (  u)'  can  be 

found  directly. 

For  the  constant  current  system,  F  is  virtually  a  unique  function  of  overheat  ratio  when  the  Reynolds 
number  is  high.  The  sensitivity  G  is  a  function  of  aw  and  Te ,  and  Re  is  usually  found  during  measurement 
by  extrapolating  the  graph  of  Rw  versus  Rwl2  to  zero  current.  Hence,  temperature  corrections  due  to 
changes  in  To  can  be  accommodated  by  correcting  the  overheat  ratio  ar.d  the  equilibrium  temperature 
appropriately. 

In  sunsary,  the  calibration  of  hot  wires  in  supersonic  flow  appears  to  be  remarkably  well- 
conditioned  procedure.  For  a  constant  temperature  system  at  high  overheat  ratio,  the  sensitivity  to 
fluctuations  in  mass- flux  is  almost  completely  independent  of  Mach  number,  Reynolds  number  and  overheat 
ratio.  (Since  the  constant  temperature  system  should  not  be  operated  at  low  overheats,  the  behavior  of  F 
at  low  overheats  and  G  at  any  overheat  is  not  of  interest.)  For  a  constant  current  system,  the  variation 
of  F  and  G  with  Reynolds  and  Mach  number  appears  to  be  negligible  for  R'*  >  20,  but  F  and  G  both  depend  on 
overheat  ratio. 

These  observations  are  not  meant  to  suggest  that  calibrations  are  not  important.  Different  wires  can 
display  significantly  different  behaviors,  and  each  wire  must  be  calibrated  before  and  after  each 
experiment  to  ensure  accurate  measurements  (see  also  Section  7). 
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4.  DYNAMIC  RESPONSE  OF  A  NORMAL  WIRE 
4.1  Compensation  for  Thermal  Inertia 

The  wire  filament  has  a  thermal  inertia  determined  by  its  volume,  specific  her*  capacity,  and  the 
rate  of  heat  transfer.  A  wire  without  end  conduction  behaves  as  a  simple  pole  with  a  time  constant  Th, 

and  a  typical  value  for  1/(2  T* )  is  400  Hz.  The  frequency  content  of  the  turbulent  fluctuations  is  very 
much  higher,  and  the  response  must  be  compensated  electronically  to  resolve  the  entire  frequency  content. 
For  example,  to  measure  u'2  in  a  boundary  layer  to  within  10*  accuracy,  Kistler  (1959)  suggested  that  the 
upper  frequency  response  of  the  system  fR  must  exceed  5\S*/Z  ,  where  U*  is  the  freestream  velocity  and 
5  is  the  boundary  layer  thickness.  For  a  typical  application  (Example  2  in  Table  1),  we  find  5U*/f  = 
240  kHz.  This  criterion  ignores  the  Reynolds  number  and  Mach  number  dependence  of  the  frequency 

content,  as  well  as  the  variation  with  distance  from  the  wall,  and  in  the  wall  region  a  better  criterion 
is  perhaps  given  by  fR  >  U«/y.  Even  if  this  frequency  response  is  achieved,  it  is  a  criterion  based  on 
rms  measurements,  and  the  shape  of  the  high  frequency  end  of  the  spectrum  will  still  be  distorted. 
Furthermore,  the  bandwidth  required  for  the  measurement  of  the  transverse  velocity  fluctuation  v'  is  even 
greater  because  the  v'  spectrum  is  broader  than  the  u"  spectrum  (see  Section  5.2,  and  Gaviglio  et  al. 
1981). 

Tn  the  constant  temperature  system,  the  compensation  for  thermal  lag  is  achieved  automatically  by  the 
use  of  feedback.  For  maximum  frequency  response,  a  symmetrical  bridge  must  be  used,  and  careful  tuning 
is  required.  Bridge  inductance  and  capacitance,  cable  length,  and  feedback  amplifier  characteristics  all 
need  to  be  adjusted  carefully  using  the  method  of  square  wave  injection  (see  Perry  1982,  Watmuff  1987). 
The  results  of  the  square  wave  test  agree  well  with  those  obtained  by  direct  heating  of  the  wire  for  au 
0.1  (Bonnet  A  Alziary  de  Roquefort  1980),  and  it  appears  to  be  reliable  technique  for  setting  the 
frequency  response.  The  optimum  value  of  fR  varies  approximately  as  a *1/3  (Smits  et  al.  1983)  and  the 

best  response  is  achieved  at  the  highest  overheat. 

In  the  constant  current  system,  the  compensation  is  achieved  using  a  network  which  approximates  a 
simple  zero  with  time  constant  Tc .  The  time  constant  Tc  is  adjusted  until  it  matches  the  wire  time 
constant  Th  .  This  adjustment  requires  great  precision  because  a  small  mismatch  causes  a  step  in  the 
frequency  response  of  magnitude  (1  -  Tw/Tc),  at  a  frequency  near  1/Th.  The  adjustment  is  usually 
performed  at  each  operating  point  by  injecting  a  square  wave  current  perturbation  across  the  bridge. 
Several  factors  limit  the  accuracy  of  this  process.  Firstly,  end  conduction  effects  are  important  (see 
Section  4.2).  To  minimize  these  effects,  the  frequency  of  current  injection  should  be  much  greater  than 
1/Th.  Secondly,  current  perturbations  are  not  equivalent  to  velocity  and  temperature  perturbations. 
Differences  can  occur  if  the  bridge  is  not  perfectly  balanced,  or  if  stray  bridge  inductances  are  present 
(Smits  1974,  Perry  1982).  Thirdly,  the  current  perturbation  must  be  small  enough  to  avoid  non- 
linearities  yet  large  enough  to  make  the  signal  clearly  visible  over  the  background  turbulence.  Phase 
averaging  and  autocorrelations  could  be  used  to  overcome  this  difficulty.  Without  these  refinements, 
repeatability  tests  show  that  the  mismatch  between  Tw  and  Tc  is  typically  less  than  5*  (representing  10\ 
error  in  e'2  ). 

As  mentioned  above,  the  transfer  function  of  the  compensating  network  is  not  quite  a  simple  zero,  and 
it  has  an  additional  pole  at  a  frequency  of  about  100/Th  which  limits  the  maximum  bandwidth  of  the  system 
(Gaviglio  &  Dussauge  1977,  Gaviglio  1978).  Decreasing  Th  will  increase  this  cut-off  frequency,  with  the 
additional  benefit  of  reducing  high  frequency  noise.  It  may  be  shown  that  for  a  given  wire  material  Th 
varies  approximately  as  (1  +  <*  )dz/Ren ,  for  high  Reynolds  numbers  (Hinze  1959).  Since  n  19  0.5,  it  is 
advantageous  to  use  wires  of  small  diameter.  The  lower  limit  on  d  is  given  by  the  Knudsen  number,  where 
Kn  =  Ma/Re,  and  for  low  Reynolds  numbers,  the  continuum  hypothesis  may  break  down.  Decreasing  the  wire 
diameter  also  decreases  its  mechanical  strength,  and  in  practice  the  diameter  tends  to  fall  in  the  range 
2  um  <  d  <  5  pm. 

Since  the  compensation  is  unlikely  to  be  adequate  even  under  ideal  conditions,  it  may  be  necessary  to 
correct  the  output.  Two  methods  have  been  proposed.  In  the  first  method,  the  system  transfer  function  is 
determined  by  a  preliminary  calibration  and  the  signal  spectrum  is  corrected  accordingly  (Laderman  & 
Demetriades,  1974).  In  the  second  method,  the  variance  of  the  measured  signal  is  related  to  the  variance 
of  the  ideal  signal  using  the  experimental  autocorrelation  (Gaviglio  &  Dussauge  1977,  Gaviglio  1978). 
Debieve  (private  communication)  found  the  accuracy  of  the  two  methods  to  be  comparable.  It  should  be 
noted  that  the  compensations  for  amplitude  and  phase  are  different,  and  the  phase  compensation  is  limited 
to  lower  frequencies  than  the  aq>litude  compensation  (Owen  fc  Fiore  1986). 
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4.2  End- conduct ion  effects 

Thus  far,  it  has  been  implicitly  assumed  that  the  temperature  of  the  filament  was  constant  along  its 
length,  that  is,  the  filament  was  infinitely  long.  For  a  wire  of  finite  length  there  is  heat  conduction 
to  the  supports,  and  the  temperature  distribution  is  no  longer  uniform.  Furthermore,  heat  conduction 
along  the  wire  and  through  the  prongs  modifies  the  frequency  response  of  the  sensor.  Steps  in  the 
amplitude  Bode  diagram  can  occur,  similar  to  those  arising  from  inaccurate  compensation,  and  they  can 
cause  errors  in  measuring  variances,  spectra,  and  correlations.  Bnd  conduction  effects  can  also 
introduce  phase  differences  between  sensors ,  and  the  effect  on  space-time  correlations  can  be 
particularly  significant.  These  effects  depend  strongly  on  the  geometry  of  the  probe  and  the  boundary 
conditions  on  the  wire,  and  probes  of  the  soldered  design  will  behave  differently  from  those  of  the 
welded  design.  End-conduction  effects  also  depend  on  the  mode  of  operation  and  the  overheat  ratio. 

For  the  constant -temperature  system,  end-conduction  effects  have  only  been  studied  for  probes  of  the 
soldered  design  operating  in  an  incompressible  flow  {Perry  et  al.  1979).  The  analysis  indicates  that 
these  effects  are  small  at  nigh  overheats,  provided  the  temperature  distribution  along  the  wire  is 
symmetrical.  With  asymmetrical  temperature  profiles,  caused  by  wire  property  variations,  surface 
contamination,  and  wire  bowing,  significant  end  conduction  effects  can  occur.  Heat  waves  can  travel  along 
the  wire  and  change  its  effective  time  constant.  A  single,  distributed  step  in  the  frequency  response 
occurs,  in  the  range  20  Hz  to  1  kHz,  and  experimental  results  suggest  that  the  resulting  error  in  rms 
turbulence  level  can  be  as  high  as  10%.  These  effects  are  difficult  to  predict  but  *hey  ao  not  appear  to 
be  systematic.  Thus,  repeating  the  same  measurement  using  different  probes  can  help  to  establish  the 
error  band.  It  is  not  clear  that  these  results  apply  to  a  supersonic  flow.  Nevertheless,  it  seems 
reasonable  to  suppose  that  similar  effects  can  occur,  and  caution  is  required. 

For  constant  current  operation,  the  phenomenon  has  been  studied  in  subsonic  and  supersonic  flow 
(Smits  1974,  Sroits  et  al.  1978,  Mougnangola,  1986).  The  results  are  qualitatively  in  mutual  agreement. 
The  responses  to  (Pu)  and  To'  are  affected  differently,  in  amplitude  and  phase,  and  they  depend 
critically  on  the  boundary  conditions  applied  at  the  point  where  the  filament  joins  the  support.  The 
boundary  conditions  for  a  soldered  wire  are  given  by  the  properties  of  the  stub,  which  has  a  l ime 
constant  Ts  and  a  non-dimensional  heat  transfer  coefficient  Ka .  Similarly,  a  welded  wire  is  connected  to 
a  prong  characterized  by  Tp  and  KP .  Typical  values  for  the  parameters  are  Ts  0.01  sec,  TP  T  0.5  sec, 
and  K»  <<  KP  (Perry  1982).  Note  that  K  =  corresponds  to  infinitely  conducting  supports,  and  K  =  0 
implies  perfectly  insulating  supports. 

The  response  to  temperature  fluctuations  (at  low  overheat  ratios)  displays  two  steps  in  the  amplitude 
Bode  diagram.  The  first  step  is  down,  at  a  frequency  close  to  1/Tp  (or  1/Ts),  and  the  second  step  is 
up,  at  a  frequency  near  l/T*.  For  both  types  of  support,  the  steps  are  equal  in  magnitude,  and  since  the 
frequencies  of  interest  in  supersonic  flow  are  always  greater  than  1/T* ,  it  appears  that  end  conduction 
effects  can  be  ignored  in  the  measurement  of  To"  .  To  avoid  errors  in  setting  the  compensator,  the 
frequency  of  current  injection  should  either  be  much  greater  than  1/Tw,  or  it  should  cover  a  wide  range 
of  frequencies. 

The  response  to  fluctuations  in  mass-flux  (at  high  overheat  ratios)  also  displays  two  steps.  Again, 
the  first  step  is  down,  at  a  frequency  close  to  1/TP  (or  1/T9),  and  the  second  step  is  up,  at  a  frequency 
near  1/T*.  However,  the  two  steps  are  not  of  equal  magnitude.  The  first  step  has  a  magnitude  approxi 
mately  equal  to  (K  +  4P  }/(K  +  23  )2 ,  and  the  second  step  is  approximately  equal  to  1/2  B  ,  where 


kf /k«»  i8  the  ratio  of  heat  conductivities  for  fluid  and  wire  at  the  mean  film  temperature.  Since  K  is 
generally  large,  the  first  step  is  usually  small  but  for  typical  values  of  £  (2  to  10),  the  second  step 
is  not.  Note  that  for  K  =  1.24  the  two  steps  are  of  equal  magnitude,  and  end  conduction  effects  can  be 
neglected  for  high  frequencies.  This  would  be  difficult  to  achieve  in  practice.  A  more  successful 
approach  to  reducing  end  conduction  effects  would  be  to  make  both  steps  small  by  making  K  and  8  large. 
It  is  particularly  important  to  make  3  large,  and  this  is  most  easily  achieved  by  increasing  the  S./d 
ratio.  Remember  that  limits  on  I/d  are  set  by  spatial  resolution  (Section  4.3),  mechanical  strength  and 
Knudsen  number  (Section  4.1). 


s-q 


End-conduction  effects  are  particulary  difficult  to  control,  and  they  may  be  represent  the  largest 
source  of  error  in  measuring  (pul*  .  Further  work  is  required,  and  it  is  suggested  here  that  a  direct 
experimental  comparison  between  a  constant  temperature  and  a  constant  current  system  may  lead  to  a  better 
understanding  of  the  phenomenon. 

4.3  Spatial  Filtering 

The  smallest  scales  of  motion  in  a  turbulent  flow  will  have  a  length  scale  given  by  the  Kolmogorov 
length  scale  In  a  flow  where  «'<  ,  the  hot  wire  attenuates  the  small  scale  contributions  to  the 

turbulent  signal  and  distorts  the  high  frequency  end  of  the  spectrum.  Although  this  problem  is  a 
fam’ liar  ore,  *herc  is  apodal  theory  for  supersonic  flow.  Tn  supersonic  flows  which  are  approxi- 
mately  sel f-preserving,  however,  the  turbulence  characteristics  are  similar  to  those  observed  in  subsonic 
flow  (Morkovin  1962,  Spina  &  Smits  1987)  and  it  should  be  possible  to  estimate  the  effects  of  spatial 
integration  in  supersonic  flows  by  using  the  results  obtained  in  subsonic  flows.  For  instance,  Wyngaard 
(1968)  suggests  that  when  n^/ £  0,  the  measured  one-dimensional  spectrum  falls  to  one-half  its  true 

value  at  a  wave  number  of  2. 1/ £  .  For  the  second  example  in  Table  1,  the  corresponding  frequency  f» 
is  about  200  kHz.  For  the  motions  in  the  outer  flow,  the  appropriate  length  scale  is  ?,  and  fa  $/U  '  5. 
Near  the  wall,  however,  the  length  scales  decreases,  and  the  effects  of  spatial  integration  become  morn 
serious.  The  effects  can  be  reduced  by  decreasing  J.  but  there  is  an  obvious  limit  on  1  if  a  reasonable 
H/d  ratio  is  required  at  the  same  time. 

4.4  Strain-Gag i ng 

The  term  "strain-gaging”  describes  a  type  of  high  frequency  noise  with  very  limited  bandwidth  that 
sometimes  appears  on  the  signal  spectrum  as  shown  in  Fig.  8.  Traditionally,  this  phenomenon  has  been 
ascribed  to  the  fluctuations  in  mechanical  tension  produced  by  high  frequency  changes  in  aerodynamic 

loading.  Hence  the  term  "strain-gaging".  It  is  often  suggested  in  the  literature  that  to  avoid  strain- 

gaging  the  wire  tension  should  be  reduced  by  deliberately  slackening  fhe  wire.  In  the  exper¬ 
ience,  there  is  no  strong  correlation  between  wire  slack  and  strain-gaging.  The  phenomenon  appears 

to  be  .•xtremely  complex,  and  it  may  depend  on  the  electronic  characteristics  of  the  anemometer,  as  well 
as  wire  and  fluiu  properties  (see  Watrauff,  1987).  Since  strain-gaging  is  so  poorly  understood,  no 
specific  recommendation  can  he  mad  t-  avoid  its  effe.ts,  except  the  traditional  slackening  of  the  wire. 


Figure  8.  Spectra  of  (/>u)  ’  measured  at  three 

positions  in  a  zero  pressure  gradient  boundary 
layer  showing  peak  at  100  kHz  due  to  "strain-gaging". 
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5- INCLINED  WIRES 
5.1  Static  Response 

When  the  wire  is  inclined  to  the  mean  flow  direction,  the  output  is  sensitive  to  (pu)',  To'  and  v'. 

For  small,  slow  fluctuations  _ 

e  (pu) '  T  '  pv’ 

—  *  F  -■  *  G  +  H  -  (9) 

E  pU  pU 

where  H  =  «nE  1  «  <1°> 

The  sensitivities  F  and  G  were  given  by  Equation  3,  and  they  can  be  determined  by  a  calibration  similar 
to  that  described  for  a  norma]  wire  (Section  3.2).  The  parameter  H  can  be  found  by  yawing  the  wire 
through  a  small  angle,  typically  +  10° . 

If  it  is  assumed  that  the  wire  heat  transfer  depends  on  an  "effective"  mass-flux  which  is 
geometrically  related  to  the  longitudinal  mass-flux,  it  follows  that  the  ratio  £  =  H/F  is  only  a 
function  of  wire  angle.  The  analysis  by  Heshotko  &  Beckwith  (1958)  for  an  infinitely  long  wire  supports 
this  hypothesis  as  long  as  the  Mach  number  in  the  direction  normal  to  the  wire  is  outside  the  transonic 
range.  The  analysis  also  indicates  that  £  increases  by  a  factor  of  about  2  as  the  Mach  number 
increases  from  about  0.8  to  1.2,  and  the  experiments  by  Smits  &  Muck  (1983)  using  wires  of  the  soldered 
design  confirmed  this  result. 

In  contrast,  Anguillet  (1980),  Best  ion  (1982)  and  Bonnet  &  Knani  (1986)  found  that  for  wires  of  the 
welded  design  £  depended  strongly  on  overheat  ratio.  Also,  Bonnet  &  Knani  reported  that  for  some  short 
wires  f  was  similar  to  that  observed  in  subsonic  flows,  whereas  for  other  wires  £  was  about  twice  the 
subsonic  value,  as  predicted  by  Reshot ko  &  Beckwith.  They  suggested  that  small  differences  in 
aerodynamic  interference  may  have  been  responsible.  In  any  case,  if  the  angular  sensitivity  is 
calibrated  over  the  range  of  conditions  experienced  in  the  experiment  no  assumptions  about  the  heat 
transfer  law  are  required.  Note  that  for  constant  current  operation,  since  £  is  a  function  of  a« 
(Bonnet  &  Knani  1986),  r.  should  be  calibrated  at  each  overheat. 

When  a  single  inclined  wire  is  used  in  the  measurement,  two  traverses  are  made.  If  the  wire  is  first 
oriented  as  shown  in  Fig.  4,  (subscript  l )  and  then  rotated  180°  about  the  probe  axis  (subscript  2),  we 
obtain 


ei* 

e22 

p(pu) ’v’  p  v’T  * 

— 

- -  4  H 

F  -  +  G  - 

El* 

e2j 

L  PU  PU  Tq 

n  02*  r  (ou)  12  T  ,J  P  v'2  (pu)  'T  '  1 

- —  *  — ■  ■  2  I  f*  —  .  g'  — —  ■>  h‘  -  -  -  *  2  fc  -^r~rr~  (12> 

El*  E2*  L  0U‘  ¥0‘  pu'  PU  To  J 

In  principle,  the  six  unknowns  in  equations  11  and  12  can  be  found  by  operating  the  wire  at  three 
different  overheats  in  each  orientation.  In  practice,  this  approach  is  usually  limited  to  constant 
current  operation  (see  Section  3.1),  and  it  is  necessary  to  use  up  to  10  values  of  aw-  Even  then,  the 
terms  in  Equation  12  suffer  from  an  accumulation  of  errors,  and  it  is  difficult  to  obtain  accurate 
results.  The  mode  diagram  for  Equation  11  has  the  advantage  of  being  linear  but  it  is  formed  by  finding 
the  difference  between  two  large  quantities,  and  the  procedure  is  inaccurate  at  low  overheat  ratios.  At 
high  overheat  ratios,  small  differences  can  occur  in  the  compensation  for  thermal  inertia  between 
orientations  I  and  2  (caused  by  a  shift  in  wire  temperature  distribution  due  to  changes  in  the  flow  field 
around  the  probe),  and  large  errors  can  occur.  Hence,  the  use  of  inclined  wires  in  the  constant  current 
mode  is  usually  limited  to  overheat  ratios  where  0.3  <  an  <  0.5  (Anguillet,  1980). 

It  is  possible  to  use  constant  temperature  operation  when  the  overheat  ratio  is  large  and  the 
fluctuations  in  stagnation  temperature  are  small.  Then 

ciJ  ez2  p  (pu)  *v* 

- - - —  =  4  HF  - -  (13) 

Ei2  E22  PU  1 

and  it  is  possible  to  find  (pu)' v'directly  (see  Smits  &  Muck  1984).  If  the  pressure  fluctuations  are 
also  small,  u'v'can  be  found  using  the  Strong  Reynolds  Analogy  (see  Section  3.1). 
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It  is  important  to  avoid  errors  in  the  alignment  of  the  probe  and  in  the  180°  rotation.  For  a  small 
misalignment  5m  we  have  (5m  =  (1/Hi  )  -  (I/H2),  and  significant  errors  are  avoided  when  5m  <  1°  (Smite  & 
Muck  1984). 

A  single  inclined  wire  can  only  be  used  to  measure  time  averaged  quantities.  To  measure  the 
instantaneous  fluctuations  in  (puf  »  v'and  (pur  v'  ,  a  crossed  wire  must  be  used.  When  total 
temperature  fluctuations  are  negligible,  the  instantaneous  outputs  from  the  two  wires  are 


ei 

(pu)  ' 

pv 

Ei 

=  Fi 

~  —  +  Hi 

PU 

pu 

e2 

(pu)  ' 

--  _  a. 

pv’ 

i2 

=  F  2 

-  H2 

pu 

pu 

Therefore  (  Cu/and  v'can  be  determined  from  the  fluctuating  voltages  once  Fi  ,  F2 ,  ,  and  have 
been  found  by  calibration. 

Crossed-wire  probes  need  careful  design  to  avoid  aerodynamic  interference.  The  effect  of  placing  *he 
wires  too  close  to  each  other  is  seen  in  the  angular  sensitivity  calibration  shown  in  Fig.  9.  As  the 
wires  are  yawed  relative  to  the  mean  flow  direction,  a  point  can  occur  where  the  shock  system  originating 
from  one  wire  and  its  supports  cuts  across  the  active  length  of  the  other  wire,  leading  to 
discontinuities  in  the  calibration.  To  minimize  these  effects,  it  is  probably  best  to  use  a  soldered 
design  where  the  active  lengths  are  isolated  from  the  relatively  bulky  prongs  by  thin  stubs.  Using  such 
a  design,  Fernando  et  al.  (1987)  found  that  at  Mach  3  these  interference  effects  were  not  observed  when 
the  planes  containing  the  two  wires  were  greater  than  1  nan  apart.  Such  probes  are  acceptable  as  long  as 
the  flow  field  measured  by  the  two  wires  is  not  significant ly  different,  that  is,  there  are  no  serious 
spatial  resolution  problems  (see  also  Section  4.3). 


5.2  Dynamic  Response 

The  high  frequency  content  of  v'  is  considerably  higher  than  that  of  (  c  u)'  ,  as  pointed  out  by 
Gaviglio  et  al.  (1981).  Their  work  suggested  that  (cu)'v'  is  underestimated  by  more  than  5*  if 
fn  <10Ue/S  Hz,  and  the  error  exceeds  10%  if  Tr  <  5Ue/6  Hz.  Some  examples  of  (pu)'  and  v'  spectra  are 
given  in  Fig.  10.  These  results  were  taken  with  a  constant  temperature  anemometer  using  a  syraoetrical 
bridge,  with  a  frequency  response  exceeding  250  kHz  (  =  12.5  U*/6  )•  The  v'  spectra  extends  to 

frequencies  which  are  about  twice  the  maximum  frequencies  observed  in  the  (pu)'  spectra. 


Frequency  [Hz] 

Figure  9.  Calibration  curve  for  one  wire  of  a 
crossed-wire  array.  Note  the  discontinuity  caused 

by  shock-wove  interference  originating  from  the  Figure  10.  Spectra  of  (pu)’,  v’  and  (pu)’v’ 

other  wire.  taken  at  y/6  -  0.45  using  a  crossed  wire  probe. 
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The  spatial  filter  is  determined  by  the  largest  dimension  of  the  wire  array,  and  the  effects  are 
similar  to  those  described  in  Section  4.3  for  normal  wires.  In  the  case  of  crossed  wires,  however,  the 
effects  are  aggravated  because  the  spatial  scales  associated  with  v  are  typically  smaller  than  those 
associated  with  ( p  u)'  . 

6.  THE  EFFECT  OF  LOW  MACH  AND  REYNOLDS  NUMBERS 

It  was  shown  in  Section  3  that  at  high  Reynolds  number  the  cal:’  anon  ot  a  single  normal  wire  in 
supersonic  flow  is  a  relatively  robust  procedure,  and  careful  calibration  should  give  accurate 
measurements.  When  the  Reynolds  number  is  small,  or  when  the  Mach  number  is  in  the  transonic  regime, 
however,  the  sensitivities  to  fluctuations  in  density  and  velocity  (F  and  Fu  )  differ  from  the 
sensitivity  to  fluctuations  in  mass-flux  (Fou)  ,  and  additional  calibrations  are  required  {Morkovin 
1956).  Horstaan  &  Rose  (1975)  calculated  the  ratio  Fu  /F-,  as  a  function  of  Mach  number,  Reynolds 
number,  and  overheat  ratio,  and  showed  that  for  a»  <0.5  and  Re  <  20,  F  /  F  /  F  ,  However,  for  a* 
0.5  and  Re  >  20,  =  Fu  =  F^u  independent  of  Mach  number,  sensor  material  and  ? /d  ratio.  The 

measurements  by  Rong  et  al.  (1985)  were  in  agreement  with  these  conclusions. 

The  effects  of  Mach  number  on  inclined  wires  at  high  Reynolds  number  were  discussed  in  Section  5.1. 
It  seems  likely  that  the  combination  of  low  Mach  number  and  low  Reynolds  number  will  have  similar  effects 
to  those  observed  with  normal  wires.  Unfortunately,  no  analytic  or  experimental  results  for  this  regime 
are  currently  available. 

7.  CONCLUDING  REMARKS:  MEASUREMENT  ACCURACY 

The  accuracy  of  hot-wire  measurements  in  supersonic  flow  depends  on  the  limits  set  by  the  instrument 
itself,  and  on  the  care  exercised  by  the  operator.  The  effect  of  an  uncalibrated  operator  on  the 
measurements  is  unknown,  of  course,  but  some  recommendations  can  be  made  to  reduce  operator  bias. 
Probably  the  single  best  method  to  determine  the  confidence  limits  on  the  measurements  is  to  repeat  the 
measurements.  For  example,  to  check  on  drift,  a  measurement  at  a  given  point  in  the  flow  should  be 
repeated  at  a  different  time.  If  at  all  possible,  calibrations  should  be  performed  before  and  after  each 
profile,  and  the  wire  performance  should  be  checked  against  a  known  flow  (for  example,  a  zero  pressure 
gradient  turbulent  boundary  layer).  Furthermore,  the  entire  set  of  results  should  be  repeated  using  a 
different  wire,  anemometer,  and  operator. 

Given  that  operator  bias  has  been  removed,  the  remaining  uncertainties  associated  with  the 
limitations  on  the  instrument  can  be  determined  with  reasonable  precision.  Consider  the  following  two 
examples  for  measurements  in  an  adiabatic,  zero  pressure  gradient  boundary  layer.  The  operating 
conditions  for  both  examples  are  given  in  Table  1. 


EXAMPLE  1  EXAMPLE  2 

Blowdown  tunnel _ Return-circuit  tunnel 


Po  (Nt/m2 ) 

To  (°K) 

Mo 

U*  (m/s) 

(  ;  U).  (kg/m2s) 
Re*  /m 

*0  ■) 

Cf 

fu  (kHz) 

l  (-») 

Vd 


6.8  x  10s 
265  +  5 
2.84  +  0.04 
575  +  20 
500  +  30 

6.5  x  107  ±  0.5  x  107 
26  +  1.5 
.001  ±  .0001 
250 
0.8 
160 
1.0 


4,05  x  10« 

296  +  1 
1.76  +  0.02 
477  +  7 
68.1  +  3.4 

5.6  x  10«  +  0.3  x  10* 

10  +  1 

.0022  +  0.0002 

320 

0.9 

36 

0.02  <  aw  <  0.5 


Table  1.  Two  examples  of  flat  plate,  zero  pressure  gradient,  adiabatic  wall, 
turbulent  boundary  layers  (Bxample  1:  Fernando,  et  al.  1987; 

Example  2:Dussauge  A  Gaviglio  1981) 
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In  the  first  example,  constant  temperature  anemometry  was  used,  at  a  single  overheat  ratio,  to 
measure  (p  u)-2  with  a  normal  wire,  and  (pu)'J  ,  v'2  and  (pu)'v'  with  a  pair  of  crossed  wires.  The 

kinematic  Reynolds  stresses  u  'l  and  u'v*  were  deduced  using  the  Strong  Reynolds  analogy  with  R^  =  -Rtu  = 
0.8.  The  measurements  were  subject  to  random  and  systematic  errors.  Random  errors  are  introduced  by  the 
uncertainties  in  the  calibration  and  measurement  procedures,  the  possibility  of  drift  in  the  calibration 
constants  and  the  presence  of  end-conduction  effects.  Systematic  errors  included  neglecting  the  total 
temperature  fluctuations  and  the  effects  of  the  limited  spatial  and  temporal  resolution.  These  errors 
vary  through  the  flowfield,  but  at  y/6  =  0.4,  the  error  in  /(pu) '7/cV  using  a  normal  wire  was  estimated 
to  lie  between  +9*  and  -5*.  For  the  crossed  wire  the  error  estimates  were  as  follows:  /(nu)  "V ::U,  +  7.57. 
4*VU,  +  7*  to  —15%;  (fu)  'v'/CpU)2,  +  11%  to  -27%.  When  the  Strong  Reynolds  Analogy  was  used  to  derive 
the  kinematic  turbulent  stresses,  the  error  estimates  became:  Zu'2 1  \]  f  -7%  to  -25%  (normal  wire)  and  -9% 
to  -27%  (crossed  wire);  -u"v'/U2  ,  -14%  to  24%.  Note  that  the  measurement  of  -f  <£•.:)  'v'/(r  U)  -  tends  to  be 
lower  than  the  true  value,  whereas  the  Strong  Reynolds  Analogy  tends  to  make  the  estimate  of  -u  v  /'" 
higher  than  the  true  value. 

In  the  second  example,  constant  current  anemometry  was  used  at  14  overheat  ratios  to  measure  (•  u)  , 
(c  u)'To'  and  To*2  .  The  error  estimates  were  as  f ol lows :/ ( ou'f^7/ c-U  ,  0%  to  +  I6%;(..u)  T0  / <  - t'T, J,  -17%  to 

+  13%;  /Tq * 4 /T0  ,  -3%  to  -17%.  For  the  velocity  and  temperature  fluctuations  the  estimates  were:  Z^1  jM  , 
3%  to  +17%;  u'T'/rf,  20%;  A 'Vt,  2%  to  *15%.  The  uncertainty  in  the  fluid  property  variat ions  with 
temperature  (already  discussed  in  connection  with  Equation  7)  has  a  rather  small  effect,  and  for  the 
different  values  of  a  and  b  given  in  Section  3.2  the  resulting  uncertainly  in  any  rms  quantity  is  less 
t  han  +  1.3%. 

Note  that  the  measurements  of  J{~6yr2/iV  using  a  constant  current  system  overestimate  the  true  value, 
in  contrast  to  the  results  obtained  using  a  constant  temperature  system  where  the  systematic  errors 
cancel  (at  least  in  this  example).  The  differences  between  the  two  systems  are  primarily  due  to 
differences  in  end- conduct ion  effects.  Furthermore,  the  error  analysis  indicates  that  the  true  value  of 
I  u *  '/”  lies  between  the  value  obtained  by  the  two  systems. 
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CHAPTER  6 


LASER  DOPPLER  ANEMOMETRY 
by 

Dennis  A.  Johnson 

NASA  Ames  Research  Center 
Moffett  Field,  CA  94035,  U.S.A 


1.  INTRODUCTION 

Laser  Doppler  anemometry  (LDA)  In  compressible  flows  offers  the  advantages  of  unambiguous  signal 
interpretation  (the  laser  Doppler  anemometer  senses  velocity  only)  and  non intrusiveness.  Another  strength 
of  the  LDA  Is  its  ability  to  accurately  measure  the  normal  or  vertical  velocity  fluctuations  In  regions 
close  to  a  solid  surface.  This  measurement  even  for  zero-pressure-gradient  boundary  layers  is  extremely 
difficult  for  hot-wire  anemometry.  Also,  LDA  is  not  limited  to  attached  flows  with  moderate  turbulence 
levels  as  Is  hot-wire  anemometry. 

The  primary  disadvantage  of  the  technique  is  that  the  velocities  of  micron-size  particles  are  mea¬ 
sured  rather  than  the  velocity  of  the  fluid  Itself.  In  most  applications,  this  requires  the  introduction 
of  seed  particles  into  the  flow  (see  also  Chapter  7).  Measurement  errors  can  arise  if  the  particles  are 
not  sufficiently  small  to  follow  the  fluid  motions  or  if  they  are  not  uniformly  distributed  in  the  flow. 
Errors  also  can  occur  if  the  signal  quality  of  the  photodetector  output,  which  depends  on  the  intensities 
of  the  particle-scattered  light.  Is  not  sufficiently  high.  Measurements  are  made  difficult  because  of  the 
rapid  fall  off  in  scattered-light  intensities  with  particle  diameter.  In  the  particle  size  range  of 
interest,  the  intensities  decrease  nearly  with  the  sixth  power  of  the  diameter.  Given  the  current  state 
of  the  art  in  lasers  and  signal  processing  electronics,  the  minimum  size  particles  from  which  measurements 
can  be  made  at  compressible  speeds  are  marginally  adequate  from  a  standpoint  of  trackabi lity. 

Another  disadvantage  of  LDA  is  that  It  Is  not  well  suited  for  spectra  or  correlation  measurements 
because  of  the  discontinuous  nature  of  the  signal  output  which  is  governed  by  Poisson  statistics. 

Most  LDA  compressible  boundary-layer  measurements  have  relied  on  the  "dual-beam"  (or  "fringe")  opti¬ 
cal  arrangement  with  forward-scatter  light  collection  and  burst-counter  signal  processing.  In  transonic 
and  supersonic  wind  tunnels,  it  is  extremely  difficult  to  achieve  high  particle  concentration  levels.  The 
dual-beam,  burst-counter  approach  is  well  suited  to  applications  such  as  these  where  the  particles  are 
sparsely  distributed.  There  are  a  vast  number  of  papers  In  the  literature  describing  various  aspects  of 
LDA,  numerous  technical  meetings  have  been  dedicated  just  to  LDA  and  several  books  have  been  written  on 
the  subject.  The  Intent  of  this  chapter  Is  to  discuss  some  of  the  more  relevant  aspects  of  applying  LOA 
(specifically,  the  dual-beam,  burst-counter  approach)  to  compressible  flows. 


2.  BASIS  OF  DUAL-BEAM,  BURST-COUNTER  LDA  SYSTEMS 

A  simplified  dual-beam  arrangement  for  single-component  velocity  measurements  Is  shown  In  Fig.  1.  In 
this  configuration,  the  collecting  lens  Is  positioned  to  collect  only  particle-scattered  light  from  the 
two  Incident  laser  beams.  In  earlier  LDA  systems,  the  Doppler  signal  was  obtained  by  heterodyning  non- 
scattered  light  from  one  of  the  incident  beams  with  particle-scattered  light  from  the  other  beam.  This 
approach  had  the  disadvantages  of  being  sensitive  to  mechanical  vibrations  and  of  requiring  small  light- 
collection  solid  angles.  The  dual -beam  arrangement  does  not  have  these  disadvantages.  Early  analyses  of 
the  dual-beam  optical  arrangement  were  performed  by  Rudd  (1969),  and  Mazumder  and  Wankum  (1970). 


PARALLEL  LASER 

BEAMS  PARTICLE 


Figure  1.  Simplified  "dual-beam"  laser  Dopp'e*  anemometer. 
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With  the  availability  of  the  argon-ion  laser  In  the  early  1970s  high-speed  LDA  measurements  became 
realizable.  It  provided  the  additional  laser  power  (more  than  two  orders  of  magnitude  over  the  standard 
helium-neon  laser)  needed  to  detect  Individual  submicron  particles  traveling  at  the  speed  of  sound  or 
higher  with  the  dual-beam  optical  arrangement.  From  the  oscilloscope  traces  of  signal  bursts  produced 
from  Individual  particles,  came  the  Idea  of  using  high-speed  counters  to  measure  the  velocity  of  Individ¬ 
ual  particles  crossing  the  sensing  volume.  The  earliest  work  on  the  burst  counter  approach  was  performed 
by  a  research  group  at  AEOC,  Arnold  Air  Force  Station,  Tenn.  (lennert,  et  al.,  1970). 

An  alternative  approach  to  using  burst  counters  Is  that  of  photon  correlation  (Abblss,  1976)  which  Is 
capable  of  working  with  much  lower  scattered  light  levels.  Another,  Is  the  digitization  of  the  signal 
bursts  followed  by  signal  analysis  via  a  digital  computer  (Peterson  and  Maurer,  1975).  By  Fourier  trans¬ 
forming  the  digitized  signals,  measurements  by  this  approach  can  be  obtained  from  signals  too  noisy  to  be 
processed  by  a  burst  counter.  However,  neither  approach  has  attained  the  same  level  of  popularity  In 
compressible  flow  applications  as  the  burst  counter.  One  reason  for  this  has  been  the  lower  signal  fre¬ 
quency  limits  of  these  approaches  compared  to  those  for  burst  counters.  Also,  both  techniques  require 
substantial  computer  postprocessing. 

The  dual  beam  arrangement  Is  often  referred  to  as  the  fringe  arrangement  because  of  the  fringe  pat¬ 
tern  which  is  formed  by  the  mutual  interference  of  the  two  (ideally  of  equal  intensity)  incident  laser 
beams.  This  fringe  pattern  Is  depicted  in  Fig.  2.  These  fringes  are  parallel  to  the  bisector  of  the  two 
incident  beams  and  perpendicular  to  the  plane  formed  by  the  two  Incident  beams.  The  spacing  of  the 
fringes  Xf  is  given  by  x^  «  \fZ  sin  0/2  where  0  is  the  angle  between  the  two  incident  beams  and  \ 
is  the  wavelength  of  the  laser  light.  The  electrical  signal,  e(t)  produced  at  the  photodetector  by  an 
individual  particle  crossing  these  fringes  has  the  form: 


e(t) 


i  -*.2  2nu. 

\  e'gt  (1  +  cos  — -i  t) 
t  xf 


(1) 


where  the  envelope  function  g  depends  on  the  trajectory  of  the  particle  passing  through  the  sensing 
volume,  uj  Is  the  velocity  component  perpendicular  to  the  interference  fringes,  and  t  Is  time  in 
Eq.  1.  Passing  this  signal  through  a  high-pass  filter  produces  a  signal  given  by 


e(t) 


1  p-gt2  2,ul 
=  5e  cos  — — 

2  xf 


(2) 


that  Is  symnetrlc  with  respect  to  zero  and  which  crosses  zero  at  fired  time  Intervals  of 
'o  =  (I/?)  xf/ul  ■ 

In  compressible  flow  applications,  e  is  made  relatively  small  (1  to  2”)  so  the  signal  frequencies  do 
not  exceed  the  capabilities  of  the  photodetector  or  the  signal  processing  electronics.  If  the  laser  is 
not  operated  in  single  mode,  then  high-frequency  noise  from  the  laser  also  becomes  a  consideration  in 
limiting  the  maximum  signal  frequency  (Oophelda  and  Durst,  1979).  Typical  fringe  spaclngs  are  in  the  10 
to  30  pm  range  In  compressible  flow  studies. 

Because  a  and  the  light  collection  angle,  a  ( fig.  1)  are  both  relatively  small  in  compressible  flow 
applications,  the  sensing  volume  Is  highly  elongated  in  the  direction  of  the  ontical  axis  (l.e.,  the 
bisector  of  the  two  Incident  laser  beams).  Its  shape  Is  ellipsoidal  with  a  Gaussian  cross-sectional 
Intensity  distribution.  The  aspect  ratio  of  the  ellipsoid  can  be  as  large  as  50  but  likely  never  less 
than  10.  The  effective  diameter,  which  is  determined  by  the  diameter  of  the  laser  beams  ahead  of  the 
transmitting  lens  and  the  transmitting  lens  focal  length,  is  typically  between  200  and  400  Bm.  The  upper 
frequency  limit  of  the  signal  processing  electronics  restricts  how  small  the  sensing  volume  can  be. 


Figure  2.  Depiction  of  fringe  formation  at  beam  crossover. 
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Forward-scatter  light  collection  refers  to  the  case  where  a  in  Fig.  1  is  small  while  in  back- 
scatter  configuration,  a,  is  near  180\  In  wind  tunnel  applications ,  the  forward- sc  at  ter  configuration 
generally  requires  that  the  light-collection  optics  be  placed  on  the  opposite  side  of  the  tunnel  test 
section  from  that  of  the  transmitting  optics.  Although  this  makes  for  mechanical  Inconveniences,  experi¬ 
ence  has  shown  that  the  gain  of  about  two  orders  of  magnitude  In  light  scattered  Intensities  over  that  for 
back  scatter  Is  essential  In  the  transonic  and  supersonic  regimes  when  burst  counters  are  used  for  signal 
processing. 

The  burst  counter  Is  designed  to  filter  out  the  low-frequency  component  In  Eq.  1  and  then  measure  the 
average  period  of  a  given  number  of  cycles  of  the  signal  (eight  cycles  is  the  most  common).  Pulses  from  a 
high-frequency  clock  (up  to  1  GHz)  are  counted  to  determine  the  average  period.  The  number  of  cycles  used 
Is  a  compromise  between  resolution  and  frequency  limitations. 

In  the  study  of  compressible  boundary- layer  flows,  the  two-velocity  component  systems  which  use  the 
two  strong  lines  (4880  and  5145  A)  of  the  argon-ion  laser  are  the  most  popular.  These  two  laser  lines  are 
sufficiently  apart  that  signal  separation  at  the  detectors  can  be  accomplished  by  optical  filtering.  With 
this  system,  four  laser  beams  (two  with  x  =  4880  k  and  two  with  x  *  5145  A)  are  brought  to  a  coranon 
focus  with  a  single  transmitting  lens.  The  results  are  overlapping  sensing  volumes  whose  fringes  are 
orthogonal.  Usually  a  shift  In  frequency,  fg  is  Introduced  Into  each  pair  of  beams  which  causes  the 
fringes  to  move  at  a  constant  velocity,  v^  =  x^fg.  With  this  fringe  motion,  forward  and  reverse  .elocl- 
tles  can  be  distinguished. 

While  frequency  shifting  is  obviously  important  In  the  measurement  of  separated  flows,  it  can  be 
Important  even  in  moderately  high  turbulent  flows  when  burst  counters  are  used.  Depending  on  the  turbu¬ 
lence  level,  the  number  of  fringes  In  the  sensing  volume ,  and  the  minimum  number  of  fringe  crossings 
required  by  the  burst  counter,  there  Is  the  possibility  that  certain  particles  will  not  cross  a  sufflci'-t 
number  of  fringes  to  be  measured.  In  which  case,  measurement  errors  can  occur.  The  use  of  frequency 
shifting,  if  properly  applied,  can  prevent  this  possibility.  The  observed  fall-off  of  the  nea.-wall 
Reynolds  shear  stresses  In  early  studies  (Johnson  and  Rose,  1975;  Yanta  and  Lee,  1974;  and  Dlmotakis 
et  al.,  1979)  of  zero-pressure-gradient  compressible  boundary  layers  appears  to  have  been  at  least  partly 
the  result  of  not  using  frequency  shifting  (Schalrer,  1980;  and  Robinson  et  al.,  1983). 


3.  SIGNAL  PROCESSING  ASPECTS 


The  major  difficulty  In  the  application  of  LDA  Is  that  the  signals  from  the  photodetector  are  rela¬ 
tively  noisy  even  under  Ideal  situations.  This  is  further  complicated  in  high-speed  applications  because 
of  the  need  for  smaller  light  scatterers  for  particle  tracking  and  the  reduced  residence  time  of  the 
particles  In  the  sensing  volume.  The  signal-to-nolse  ratio  (SNR)  for  an  LDA  signal,  defined  as  the  ratio 
of  signal  power  to  noise  power.  Is  approximately  given  by  the  following  expression: 


SNR 


;  JL_ 
hv 


T\  +  PB/Ps)sf 


(3) 


where  n  Is  the  quantum  efficiency  of  the  photodetector,  hv  Is  the  energy  of  a  single  photon,  Pj  Is  the 
particle-scattered  light  power,  PB  Is  the  background  light  power,  and  af  Is  the  Instrument  bandwidth. 
This  expression  assumes  there  are  many  photoelectrons-per-fi Iter  resolving  Interval;  l.e.,  the  signals  are 
sufficiently  strong  as  not  to  be  photon  resolvable. 

The  particle-scattered  light  power  depends  on  the  Incident  laser  Intensity,  the  Mle  scattering  func¬ 
tion  of  the  particle,  and  the  location  and  F  number  of  the  collection  lens.  In  general,  P$  drops  dramat¬ 
ically  with  particle  sl2e  as  will  be  discussed  In  the  next  section.  The  penalty  paid  by  the  burst 
counter's  ability  to  measure  the  frequency  of  Individual  scatters  In  a  highly  turbulent  flow  Is  Its  wide 
bandwidth  (large  af)  which  Increases  the  noise  In  signal.  The  —gulred  Instrument  bandwidth  for  turbu¬ 
lent  flow  measurements  depends  on  the  highest  expected  measurement  speed  and  the  fringe  spacing.  Hence, 
the  need  for  smaller  particles  reduces  Pc  while  the  greater  speeds  demands  an  Increase  In  af,  both  of 
which  result  In  reduced  SNRs.  The  variable  Pg  represents  the  total  of  all  undesired  laser  light  which 
enters  the  detector.  This  generally  will  be  laser  light  which  is  scattered  from  optical  components,  wind 
tunnel  windows  and  model  surfaces.  Well  designed  LDA  systems  using  low-loss  optics  attempt  to  minimize 
the  collection  of  this  stray  light  but  It  cannot  be  completely  eliminated.  The  deterioration  In  SNR 
caused  by  stray  light  can  be  acute  when  measurements  are  attempted  close  to  model  surfaces.  In  compres¬ 
sible  flow  applications,  an  SNR  of  100  (20  dB)  would  be  considered  quite  respectable. 

Burst  counters  have  been  designed  to  have  some  noise  rejection  capabilities;  however,  the  signals 
must  be  relatively  clean  or  erroneous  measurements  can  occur.  All  of  the  conmerclal ly  available  burst 
counters  have  a  threshold  level  which  determines  the  minimum  level  signal  the  counter  will  attempt  to 
process.  The  threshold  level  Is  normally  set  well  above  the  switching  level  of  the  Schmidt  trigger  which 
converts  the  signal  Into  a  series  of  square  waves.  Either  the  threshold  level  Is  directly  adjustable  or 
Indirectly  via  a  variable  gain  control  on  the  preamplifier.  Without  this  threshold  level  capability, 
measurements  are  virtually  IiujossI ble. 
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Other  noise  rejection  techniques  connonly  used  Include  1)  a  comparison  of  the  average  period  of  four 
or  five  signal  cycles  to  that  for  eight  cycles  (other  variations  on  this  four/eight  or  five/eight  compari¬ 
son  are  now  available),  and  2)  a  three-level  comparison  which  requires  that  the  signal  passes  a  +  level, 

0  level  and  -  level  In  the  proper  sequence.  Of  these  two  methods  of  noise  discrimination.  It  has  been  the 
writer's  experience  that  the  three-level  comparison  Is  more  effective  In  eliminating  noisy  signals  than 
the  four/eight  or  five/eight  cycle  comparison.  As  a  rule  however,  any  burst  counter  will  give  erroneous 
output  If  It  Is  required  to  process  signals  which  are  sufficiently  noisy.  For  example,  a  burst  counter 
can  generate  output  from  just  the  shot  noise  of  the  detector— the  laser  does  not  even  have  to  be  on  to 
obtain  data. 

In  practice,  an  attempt  Is  made  to  set  the  threshold  level  sufficiently  high  so  all  the  signal  bursts 
satisfy  the  signal  quality  requirements  of  the  counter,  and  yet  sufficiently  low  that  an  acceptable  data 
rate  Is  achieved.  Generally  the  SNRs  of  the  signal  bursts  are  not  measured  In  an  experiment  (this  can  be 
done  by  digitizing  and  then  Fourier  transforming  the  signal  bursts).  Usually,  measurements  In  the  free- 
stream  of  the  flow  of  Interest  (where  the  turbulence  levels  are  known  to  be  low)  are  made  to  test  whether 
the  signal  qualities  are  sufficiently  good  for  reliable  measurements.  In  practice,  the  mlmlmum  recordable 
rms  with  an  LOA  Is  almost  without  exception  governed  by  signal  quality  (l.e.,  SNR)  and  not  the  clock  rate 
of  the  burst  counter.  Although  there  are  too  many  variables  to  extract  an  exact  relationship  between  SNR 
and  measurement  uncertainty.  It  Is  reasonable  to  expect  the  minimum  measurable  rms  to  depend  Inversely  on 
the  square  root  of  the  SNR  (Mayo,  1979;  and  Binder  et  al.,  1986).  The  lowest  free-stream  root  mean  square 
(rms)  observed  by  this  writer  In  compressible  experiments  has  been  1%  (the  actual  turbulence  levels  were 
considerably  less).  These  were  cases  where  the  frequency  bandwidth  was  large  since  the  flows  of  Interest 
were  highly  turbulent. 

Care  must  be  taken  when  measurements  closer  to  a  solid  surface  are  attempted  since  the  SNRs  will 
generally  be  lower  because  of  an  Increase  In  Pg.  When  the  background  light  level  increases,  a  coianon 
practice  Is  to  raise  the  threshold  level  so  that  only  the  strongest  signals  are  processed.  Often  a  real¬ 
time  observation  of  the  output  In  histogram  form  Is  used  to  help  detect  bad  readings  and  to  set  the 
threshold  of  the  counters. 

Because  of  the  nolse-ln-slgnal  effects,  the  LDA  Is  not  well  suited  for  measuring  very  low  turbulence 
levels.  The  measured  rms  can  be  reduced  to  some  extent  by  using  two  counters  to  measure  the  same  signal 
or  even  better,  signals  from  two  different  photodetectors  and  then  cross  correlating  their  outputs  as 
suggested  by  Lau  et  al.  (1981).  The  accuracy  of  mean-velocity  measurements  can  be  significantly  better 
than  the  minimum  measurable  rms  if  the  noise  effects  produce  a  Gaussian  probability  density  function 
(pdf).  This  theoretically  will  be  the  case  If  the  SNRs  are  reasonably  high  (Cobb,  1965). 


4.  PARTICLE  LIGHT  SCATTERING  ANO  TRACKING 


For  the  realization  of  accurate  IDA  measurements,  particle  lag  effects  must  be  negligibly  small  (see 
also  Chapter  7).  To  the  accuracy  of  Stokes's  drag  law,  the  time  constant  (l.e.,  the  1/e  point)  for  a 
particle  subjected  to  a  discontinuous  change  in  gas  velocity  Is  given  by 


Tc 


(1) 


where  pp  and  dp  are  the  particle  density  and  diameter,  respectively  and  »„  is  the  viscosity  of  the 
gas.  For  flxedrluld  properties  and  particle  density,  the  particle  response  is  proportional  to  the  square 
of  the  particle  diameter.  Analogous  to  the  3-dB  frequency  response  quoted  for  hot-wire  anemometry,  but  In 
the  moving  reference  frame  of  the  particle,  the  particle  response  Is  given  by  f^g  =  1/2»tc.  If  we 
assume  the  step  change  In  velocity  to  be  small,  the  response  distance  xc  can  be  expressed  as 
xc  =  UgTc  where  Ug  Is  the  speed  of  the  flow. 

Values  of  fjgg  and  xc  are  given  In  Table  I  for  different  sizes  of  particles  with  a  specific  gravity 
of  unity  In  a  Mach  3  flow  with  a  293  K  stagnation  temperature.  For  lower  Mach  numbers,  these  values 
Improve  because  of  the  decrease  In  Ug  and  the  Increase  in  iig  (e.g.,  vg  Is  2.5  times  larger  at  ambient 


Table  1.  Particle  response  based  on  Stokes's  drag  law  for 
Mm  =  3,  Tj  =  293°  K  and  particles  with  a  specific 
gravity  of  l. 


dp  (pm! 

f3dB  (kHz) 

xc  (mm) 

5.0 

0.9 

110 

2.0 

5.4 

18 

1.0 

22 

4.4 

0.5 

86 

1.1 

0.3 

239 

0.4 

temperature  conditions).  For  low-density  flows  as  encountered  In  hypersonlcs,  a  correction  for  mean-free 
path  relative  to  particle  diameter  must  be  made  (Becker  et  al.,  1967)  In  which  case  the  time  constant  Is 
given  by 


where  L  Is  the  mean  free  path  and  k  is  the  Cunningham  correction;  k  *  1.8  for  air.  When  the  Knudsen 
number  Is  large,  the  particle  response  goes  as  the  particle  diameter  rather  than  the  particle  diameter 
squared.  Because  of  this,  Owen  and  Calarese  (1987)  suggest  that  an  optimum  seeding  particle  In  some 
hypersonic  flows  may  be  one  that  is  nominally  larger  than  normally  used  in  LDA,  but  which  has  a  much  lower 
specific  gravity. 

Since  the  particles  are  convected  in  the  tagrangian  frame,  it  Is  difficult  to  assess  how  large  the 
particles  can  be,  and  still  have  negligibly  small  particle  lag  relative  to  the  turbulent  fluctuations. 

Mean  convective  speeds  of  the  turbulent  eddies  in  a  zero-pressure-gradient  turbulent  boundary  layer  are 
all  within  20%  of  the  local  mean  velocity.  This  suggests  that  for  a  zero-pressure-gradient  boundary  layer 
the  relevant  frequency  response  could  be  a  factor  of  five  larger  than  those  given  In  Table  1.  Supporting 
evidence  that  the  frequency  responses  given  in  Table  1  are  overly  conservative  comes  from  the  study  of 
Yanta  and  Lee,  In  that  study,  reasonably  accurate  mean  velocities  and  Reynolds  stresses  were  obtained  in 
a  supersonic  turbulent  boundary  layer  using  5  urn  seed  particles.  Obviously,  the  effective  response  of 
these  5  um  particles  must  have  been  better  than  the  0.9  kHz  quoted  in  Table  1. 

Rapid  spatial  changes  (such  as  that  caused  by  shocks)  or  sustained  stiong  streamwise  curvature  are  of 
more  concern  than  the  response  to  convected  turbulence  fluctuations.  Although  locally  the  particle  speeds 
may  be  very  close  to  that  of  the  surrounding  fluid  in  the  situation  of  sustained  streanwise  curvature, 
substantial  particle  concentration  gradients  can  result  which  in  turn  can  produce  a  biased  sample  of  the 
flow  statistics.  (The  author  is  not  aware  of  any  studies  which  have  addressed  this  potential  problem.) 

To  illustrate  the  advantages  of  forward  scatter  over  back  scatter  and  the  rapid  fall  off  in 
scattered-light  intensities  with  particle  diameter,  results  (taken  from  van  de  Hulst,  1957;  and  Gumprecht 
et  al.t  1952}  based  on  Mle  scattering  calculations  are  shown  in  Fig.  3.  Light  scattering  Intensities,  i, 
for  water  droplets  (index  of  refraction,  n  «  1.33)  exposed  to  0.5  ^m  wavelength  light  for  forward  scatter 

-  FORWARD  SCATTER,  a  =  0 

- BACK  SCATTER,  a  =  180' 

•  SOLID  CIRCLES  INDICATE 


CALCULATED  VALUES 
CURVES  GENERATED  BY 
FAIRING 


0  .5  1.0  1.5  2.0  2.5  3.0 

dp,  pm 


Figure  3.  Calculated  light  scattering  Intensities  for  water  droplets  (n  *  1.33)  and  0.5  um  laser  light. 
Calculated  Intensities  taken  from  van  de  Hulst  (1957)  and  Gumprecht  et  al.  (1952). 
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(a  =  0°)  and  back  scatter  (a  =  180°)  are  plotted  as  a  function  of  particle  diameter.  Up  to  d  -  0.5  ym 
It  Is  seen  that  the  forward  scatter  Intensity  varies  very  nearly  as  the  sixth  power  of  the  particle  diam¬ 
eter  as  predicted  by  Raylelgh-scatterlng  theory.  This  Is  somewhat  surprising  since  Rayleigh  scattering  Is 
theoretically  only  valid  for  d  «  x.  A  common  seed  particle  In  IDA  are  polystyrene  spheres  (n  *  1.55), 
and  these  particles  show  a  similar  behavior.  The  water  droplet  results  are  shown  because  more  extensive 
Mle  scattering  calculations  were  available.  For  a  given  size  particle.  Fig.  3  shows  that  the  scattering 
intensities  in  forward  scatter  are  approximately  two  orders  of  magnitude  larger  than  those  In  back  scat¬ 
ter.  This  is  significant  since  Eq.  3  states  that  this  results  in  two  orders  of  magnitude  difference  In 
SNR  (Ps  Is  determined  by  Integrating  1  over  the  solid  angle  of  light  collection).  On  the  other  hand. 
If  the  minimum  acceptable  intensity  for  accurate  velocity  meaurements  were,  for  example,  1  *  60  then  a 
0.5  um  particle  could  be  measured  in  forward  scatter  according  to  Fig.  3,  while  In  back  scatter  measure¬ 
ments  would  be  limited  to  2  ym  or  larger  particles.  If  the  system  sensitivity  were  considerably  less, 
say  1  *  600,  then  particles  as  small  as  0.8  ym  could  still  be  sensed  In  forward  scatter,  but  in  back 
scatter,  the  particles  would  have  to  be  6  ym  or  larger  (this  Is  based  on  calculations  which  are  off  the 
scale  of  Fig.  3).  Clearly,  substantial  gains  In  sensitivity  result  from  using  forward  scatter. 

Because  the  intensities  fall  so  rapidly  for  dp  <  1  um  ,  it  Is  difficult  to  effect  any  significant 
Improvements  In  the  mlmfmum  size  particle  that  can  be  measured.  Below  dp  =  0.5  ym  for  example,  an  order 
of  magnitude  Increase  In  Incident  laser  power  would  only  result  in  a  33*  reduction  In  diameter  of  the 
smallest  detectable  particle. 

The  problem  is  compounded  by  the  fact  that  it  is  nearly  impossible  to  generate  an  aerosol  which  does 
not  contain  some  particles  which  are  larger  than  desired.  Since  these  larger  particles  will  scatter  more 
light,  they  will  have  a  higher  probability  of  being  measured  than  a  smaller  particle.  The  recent  Mach  3 
compression  corner  study  of  Kuntz  et  al.  (1987)  exemplifies  the  difficulty  of  generating  sufficiently 
small  particles  for  trackablllty  yet  large  enough  for  detection.  Measurements  across  an  oblique  shock  at 
Mach  3  showed  that  the  effective  diameters  of  the  oil  droplets  used  for  light  scattering  in  that  study 
were  between  1.5  and  2  ym.  These  particles  have  to  be  considered  definitely  borderline  in  the  study  of 
supersonic  shock -wave/boundary-layer  Interaction  flows.  In  the  Mach  3  shock-induced  separation  study  of 
Modarress  and  Johnson  (1979),  aerodynamic  diameters  of  0.5  ym  were  confirmed  from  shock-wave  response 
measurements.  Realistically,  this  is  about  as  small  a  particle  that  can  be  used  in  supersonic  measure¬ 
ments  when  burst  counters  are  used  to  process  the  signals. 


5.  OATA  REDUCTION  AND  SAMP1  TNG  BIAS 

Most  comnonly,  the  flow  statistics  are  calculated  from  the  burst  counter  output  based  on  the  assumo- 
tlon  that  the  sampling  is  random.  Thus,  the  possibility  of  a  sampling  bias  toward  higher  velocity  parti¬ 
cles  as  first  discussed  by  McLaughlin  and  Tiederman  (1973)  is  generally  ignored.  This  bias  is  argued  to 
occur  when  particle  concentrations  are  low  because  more  fluid  is  swept  through  the  sensing  volume  during 
periods  of  high  velocity  than  periods  of  low  velocity  which  thus  enhances  the  possibility  of  high-velocity 
samples  over  that  for  low-velocity  samples.  Although  this  bias  has  been  verified  in  numerous  low-speed 
studies  (Stevenson  et  al.,  1982;  Johnson  et  al.,  1984;  and  Binder  et  al.,  1986)  and  evidence  of  its  exis¬ 
tence  in  high-speed  flows  has  been  presented  (Petrie  et  al.,  1985),  there  has  been  a  reluctance  to  correct 
results  for  this  bias.  Fortunately,  the  effect  of  this  sampling  bias  when  present  is  negligibly  small  at 
moderate  turbulence  levels  (say  less  than  20*).  The  reluctance  to  correct  for  sampling  bias  stems  from 
the  conflicting  results  that  have  been  reported  in  the  literature.  Also,  there  is  the  possibility  of 
compensating  errors  because  of  Inadequate  photodetector  response  (Ourao  et  al.,  1980).  This  effect, 
though,  should  be  minimal  when  frequency  shifting  is  used. 

One  way  to  avoid  the  effects  of  sampling  bias  Is  to  heavily  seed  the  flow  such  that  particle  interar¬ 
rival  times  are  much  less  than  the  turbulence  time  scale  and  then  restrict  the  sampling  of  the  counter  to 
much  longer,  fixed  sample  times  (Stevenson  et  al.,  and  Edwards  and  Jensen,  1983).  However,  this  Is  not 
practical  In  high-speed  appl Icatlons.  Edwards  and  Meyers  (1984)  proposed  that  the  degree  of  sampling  bias 
be  determined  by  measuring  the  mean  sample  rate  as  a  function  of  the  velocity  over  periods  short  relative 
to  the  turbulence  time  scales.  With  this  Information  available  corrections  to  the  uncorrected  pdf's  can 
be  made.  This  again  requires  data  rates  beyond  that  which  can  be  obtained  in  compressible  flows.  More¬ 
over,  there  Is  an  additional  problem  with  this  proposal  because  of  the  relatively  long  sensing  volumes  of 
most  LDA  systems.  If  the  sensing  volume  Is  long  relative  to  the  turbulence  scales,  then  even  if  sampling 
bias  was  present  little  correlation  between  sample  rate  and  velocity  would  be  apparent.  Chen  and  Llghtman 
(1985)  using  this  approach,  observed  a  very  strong  correlation  between  velocity  and  mean  sample  rate  for  a 
low-speed  centerbody  flow.  But  in  that  study,  the  flow  was  dominated  by  very  large  vortical  structures 
(their  scales  were  large  even  compared  to  the  5-m  length  of  the  sensing  volume). 

Theoretically,  if  the  sensing  volume  Is  cylindrical  In  shape  and  of  a  high  aspect  ratio  (this  Is  a 
good  approximation  to  the  actual  ellipsoidal  sensing  volumes),  the  mean  and  rms  velocities  based  on  N 
samples  should  be  calculated  using  the  following  formulas  (for  brevity,  only  the  expressions  for  the 
streamwlse  velocity  component  u  are  given); 

N  N 

“ =  Z  Vi  Z " 

1=1  f=l 


1 


(6) 
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N  1/2 

2  Uj  (U{  ~  U)2 
,  1  =  1 

<U*>  =  - H - 

E-i 

i=i 

where  u>  Is  a  weighting  factor  given  by 


(7) 


(8) 


In  this  expression,  p  Is  the  fluid  density;  and  v  and  w  are  the  normal  and  cross  stream  velocity 
components,  respectively;  and  d  and  a  are  the  diameter  and  length  of  the  cylindrical  sensing  volume. 
Under  the  assumption  of  no  sampling  bias  «  *  1. 


Although  density  fluctuations  can  theoretically  affect  the  sampling  bias  as  seen  from  Eq.  8,  they  are 
ignored  when  corrections  are  made  for  sampling  bias.  For  high  Mach  number  flows,  their  effect  could 
become  Important.  Also,  since  the  cross  stream  velocity  component  wj  is  not  usually  measured,  the  last 
term  in  Eq.  8  is  either  ignored  or  estimated  (Nakayama,  1985)  in  terms  of  <u'>  and  <v'>.  Because  d/a  is 
usually  quite  small,  this  term  is  normally  small  compared  to  the  other  two  terms. 


The  possible  measurement  errors  due  to  sampling  bias  Increase  with  turbulence  intensity.  Shown  in 
Fig.  4  are  results  for  a  transonic,  shock-wave/turbulent-boundary-layer  interaction  on  an  axisymmetric 
bump  obtained  using  given  by  Eq.  8  (with  w  neglected)  and  using  ^  =  1.  Except  in  the  separated 

•  UNWEIGHTED 
--A--  2  D  WEIGHTED 


u/ue  <u’>/ue  -u'v7utf2  x  1000 

cl  DOWNSTREAM  OF  REATTACHMENT 

Figure  4.  Uncorrected  and  bias-corrected  results;  axisymmetric  bump  model  (M,,,  *  0.875). 
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flow  region  (maximum  separation  occurred  at  the  bump  trailing  edge),  the  differences  are  probably  » 1  thin 
the  accuracy  of  the  measurements.  And  even  there,  the  maximum  difference  In  mean  velocity  Is  only  :  '  with 
respect  to  the  edge  velocity.  The  largest  differences  were  observed  In  the  uV  measurements.  Similar 
trends  to  those  shown  In  Fig.  4  were  observed  by  Petrie  et  al.  (1985)  for  a  supersonic  base  flow. 

The  issue  of  sampling  bias  has  yet  to  be  resolved  within  the  LDA  scientific  community.  At  the  pres¬ 
ent  time,  the  two  approaches  given  previously  must  be  thought  of  as  a  bound  on  the  data.  This  suggests 
that  the  data  be  reduced  in  both  ways  to  check  the  possible  effects  sampling  bias  could  have  on  the 
results.  Given  that  both u  and  v  are  measured  simultaneously,  which  is  the  most  accurate  way  of  deter¬ 
mining  the  shear  stress  u'v',  little  additional  effort  is  needed  to  reduce  the  data  using  both  formats. 

At  very  high  Mach  numbers,  the  potential  effect  of  density  fluctuations  on  the  sampling  bias  adds  another 
level  of  uncertainty. 

6.  THREE-DIMENSIONAL  MEASUREMENTS 

The  measurement  of  the  third  velocity  component,  w,  in  a  three-dimensional  turbulent  boundary  layer 
with  an  LOA  is  extremely  difficult.  As  discussed  earlier,  with  the  "dual  beam"  optical  arrangement  the 
measured  velocity  component  Is  perpendicular  to  the  bisector  of  the  two  incident  beams.  Since  In  most 
wind  tunnels,  optical  access  is  from  the  sides  of  the  test  section  the  measurement  of  u  and  v  are 
straightforward.  Such  is  not  the  case  for  the  measurement  of  w. 

In  boundary-! ayer  studies.  It  Is  best  to  have  the  laser  beams  come  in  at  a  grazing  incidence  to  the 
surface  of  interest  to  reduce  background  scattered  Tight.  The  most  coninon  procedure  in  three-dimensional 
applications  has  been  to  have  a  third  pair  of  beams  (of  either  a  third  color,  a  different  polarlzaion  or 
frequency  shifted)  which  lie  in  the  same  plane  as  the  pair  of  beams  used  to  measure  u,  but  which  make  a 
substantial  angle  v  with  respect  to  these  beams  (Fig.  5).  The  velocity  component  sensed,  in  this  case. 
Is  r  =  u  cos  v  ♦  w  sin  ip.  In  wind  tunnel  applications,  the  angle  <i>  is  normally  restricted  because  of 
limitations  in  optical  access.  This  limits  the  resolvabll ity  of  w.  To  improve  resolution,  electronic 
mixing  of  the  signal  dependent  only  on  u  with  the  signal  dependent  on  u  and  w  was  performed  by 
Asherman  and  Yanta  (1984).  In  this  procedure,  the  fringe  spaclngs  are  adjusted  so  that  the  difference 
frequency  of  the  two  signals  depends  only  on  w.  Besides  the  added  complexity  of  this  approach,  it  has 
the  disadvantage  that  the  SNR  of  the  mixed  signal  is  considerably  reduced  from  that  of  the  original  two 
signals  which  causes  other  measurement  uncertainties.  It  also  does  not  circumvent  the  basic  problem  of 
reduced  sensitivity  to  w  caused  by  ^  being  small. 

An  additional  complication  in  three-dimensional  measurements  arises  because  of  the  small  overlap 
region  of  the  third  velocity  component  beams  relative  to  the  original  sensing  volume  for  u  and  v 
(Fig.  5).  Even  when  coincidence  between  all  chree  components  is  required  to  affect  a  measurement,  there 
is  a  relatively  high  likelihood  that  the  measurement  will  be  from  two  particles  (one  or  both  of  which  are 
not  in  the  overlap  region)  if  the  overlap  region  Is  small  relative  to  the  individual  sensing  volumes.  In 
which  case,  In  addition  to  the  desired  velocity  component  pairs  (u^,  rj  :  1  >  j)  obtained  from  the  same 
particle,  velocity  component  pairs  (ui,  r<  :  i  *  j)  generated  by  two  particles  are  measured.  Boutier 
et  al,  (1985)  refer  to  these  latter  velocity  component  pairs  as  "virtual"  particles  and  show  that  they  can 
produce  significant  ovprestimatlons  In  w'w' .  Driver  and  Hebbar  (1987)  In  a  low-speed  boundary  layer 
study  found  this  virtual  particle  problem  for  «  equal  to  60°  to  result  In  an  underestimation  of  w'v' 
by  20%.  This  represents  a  serious  problem  which  will  need  to  be  addressed  in  future  high-speed,  three- 
dimensional  boundary -layer  studies. 


Figure  5.  Overlapping  sensing  volumes  for  three-dimensional  velocity  measurements. 


7.  CONCLUDING  REMARKS 


Much  has  been  accomplished  with 
speeds  and  additionally  by  the  rapid 
cessful  application  of  the  technique 


LOA  In  compressible  flows  despite  the  difficulty  vosed  by  the  high 
spatial  changes  in  speed  or  flow  direction  in  some  cases.  The  suc- 
1s  difficult  because  the  SNRs  are  fairly  low  even  under  the  best  of 
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conditions  and  highly  variable  because  of  variations  in  particle  size  and  particle  location  within  the 
sensing  volume.  And,  the  available  signal  processing  is  not  very  effective  in  discarding  signals  that  are 
too  noisy  to  provide  an  accurate  velocity  measurement.  The  temptation  Is  to  work  with  particles  which  are 
too  large  to  adequately  follow  the  flow  but  which  provide  cleaner  signals  due  to  Increased  scattering 
Intensities.  For  the  data  to  have  credibility,  some  check  on  the  particle  response  must  be  made  for  a 
given  facility  and  LDA  system.  The  capability,  if  developed,  of  being  able  to  determine  the  size  of  each 
particle  upon  which  a  measurement  Is  based  and  the  SNR  of  the  corresponding  signal  burst  would  be 
extremely  valuable  In  reducing  much  of  the  uncertainty  now  present  In  LDA  compressible  flow  measurements. 
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1.  INTRODUCTION 

In  Chapter  6,  0.  Johnson  discussed  the  application  of  L.D.A.  to  supersonic  flows,  and  described  many 
of  the  problems  that  can  be  encountered.  Here,  we  continue  that  discussion  by  considering  two  important 
additional  difficulties:  the  problems  of  seeding  and  angular  bias. 

2.  THE  SEEDING  PROBLEM 

One  would  think  that  because  the  L.D.A.  is  an  optical  technique,  it  is  non  intrusive,  that  is,  it  does 
not  alter  the  flow  in  any  way.  In  reality,  it  is  not  so  simple.  For  supersonic  flows,  it  is  necessary  to 
have  tracking  particles  which  are  small  enough  to  follow  the  fluid  motion,  which  can  be  difficult  when  the 
flow  gradients  are  severe,  as  in  the  case  of  shock/boundary  layer  interaction.  The  response  time  of  the 
particles  was  discussed  in  Chapter  6.  It  is  often  necessary  to  seed  the  flow  with  the  appropriate  size 
particles,  and  here  we  are  particularly  concerned  wifh  the  problem  of  the  seeding  technique  itself,  that 
is,  how  the  particles  can  be  introduced  without  disturbing  the  flow. 

Whatever  naturally  occurring  particles  exist  in  the  flow,  it  is  preferable  to  remove  them  by  filter¬ 
ing,  and  then  seed  the  flow  in  the  plenum  chamber  with  "good  particles",  where  a  good  particle  is  one  that 
faithfully  follows  the  flow.  In  the  supersonic  flows,  the  frequency  range  of  the  velocity  fluctuation  is 
extremely  wide,  and  it  is  difficult  to  ensure  that  the  particles  are  "good".  In  low  density  flows,  this 
problem  is  considerably  aggravated  because  of  low  seeding  densities  and  the  augmentation  of  particle  drag 
with  increasing  Knudsen  number. 

To  study  the  response  of  particles  to  an  abrupt  change  in  the  flow  condition  in  the  absence  of  turbu¬ 
lence,  Boutier  et  al  (1986)  investigated  the  behavior  of  particles  crossing  a  shock.  In  this  type  of  study, 
it  is  necessary  to  use  receiving  optics  with  a  wide  light-collection  angle,  and  a  very  sensitive  photo¬ 
multiplier  to  observe  the  smallest  particles  with  a  reasonable  signal -to-noise  ratio.  Boutier  et  al  found 
that  latex  balls  of  0.3  pm  diameter  displayed  the  shortest  response  distance  downstream  of  the  shock. 
Paradoxical ly,  they  observed  almost  the  same  response  distance  for  latex  balls  of  2  pm  diameter.  They  did 
not  offer  an  explanation  for  this  surprising  result.  This  could  bring  into  question  the  equation  of  Tchen 
(1947\  fnr  thp  movement  of  spherical  particles  across  a  discontinuity,  as  suggested  by  Gouin  and  Elena 
(1987).  Furthermore,  it  is  also  necessary  to  emphasize  the  importance  of  the  quality  of  flow  seeding.  The 
quality  of  the  measurements  obtained  by  L.D.A.  depends  greatly  on  the  method  of  seeding  the  flow.  It  is 
essential  that  the  flow  upstream  of  the  measuring  point  remains  undisturbed  by  the  introduction  of  the 
particles,  and  it  is  therefore  necessary  to  inject  the  particles  into  the  flow  at  a  speed  equal  to  the 
local  mean  flow  velocity.  This  is  a  general  result,  first  demonstrated  by  Favre  (1938). 

Elena  and  Gaviglio  (1983)  showed  that  when  an  injector  is  used,  the  wake  of  the  injector  can  perturb 
the  flow  significantly,  even  if  the  speed  of  injection  equalled  the  flow  speed.  They  compared  the  L.D.A. 
output  with  the  output  of  a  hot-wire  anemometer  and  other  probes  to  determine  the  importance  of  stream¬ 
lining  the  injector  in  reducing  the  pertubation  of  the  downstream  flow,  including  the  case  where  the  injec¬ 
tor  was  placed  upstream  of  the  throat  in  the  settling  chamber. 

To  avoid  the  interference  produced  by  the  wake,  it  would  seem  preferable  to  inject  the  particles  at 
the  wall,  especially  for  the  study  of  boundary  layers.  However,  Elena  and  Gaviglio  showed  that  the  resul¬ 
ting  wall  jet  can  also  disturb  the  flow,  even  when  it  is  placed  upsteam  of  the  throat.  Figure  1  shows  the 
result  f or  the  turbulence  intensities  measured  in  the  boundary  layer  on  the  wall  of  the  tunnel  a  distance  X 
downstream  of  the  throat.  In  the  figure,  V  is  the  mean  velocity  of  the  seeded  air  emitted  from  a  simple 
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hole  in  the  wall  of  the  settling  chamber,  Uch  is  the  mean  velocity  of  the  flow  in  the  settling  chamber,  4 
is  the  boundary  layer  thickness,  y  is  the  wall  distance,  and  Je ^  and  /e'T2  are  the  rms  voltage  fluctuation 
levels  measured  by  a  hot-wire  anemometer  with  and  without  injection,  respectively.  The  results  show  that 
the  ratio  V/Uch  must  be  very  small  (<  0.05)  to  avoid  significant  errors  in  the  rms  turbulence  measurement. 
Higher  injection  velocities  can  produce  large  errors,  even  far  downstream  of  the  throat.  The  effects  of  the 
injection  are  felt  at  all  points  in  the  boundary  layer,  but  they  have  the  strongest  relative  effect  in  the 
outer  region  of  the  layer. 


1.3 


1.2 

It 

1.0, 


Injector  hole  diameter  :  3  mm. 
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X  =  425  mm. 
y/6=0.8 


0.2  0.4  V/Uch 


Figure  1.  Effect  of  the  seeding  process 


It  is  also  possible  to  seed  the  entire  upstream  flow,  to  avoid  all  of  the  problems  associated  with 
injectors  and  wall  injection.  Unfortunately,  when  the  whole  flow  is  seeded,  it  may  be  necessary  to  stop  v 
experiment  frequently  to  clean  the  windows.  In  the  case  of  a  blowdown  tunnel,  this  may  not  be  such  a  prob¬ 
lem  because  of  the  intermittent  nature  of  operation.  However,  the  cost  of  this  type  of  seeding  may  be  high, 
especially  when  using  latex  balls.  Finally,  the  seeding  of  the  boundary  layer  flow  close  to  the  wall  may 
not  be  sufficiently  dense  when  this  kind  of  global  seeding  is  used. 


3.  THE  ANGULAR  BIAS 

Among  the  mechanisms  that  distort  L.D.A.  measurement  results  in  supersonic  flows,  angular  bias  is 
particularly  important.  Angular  bias  is  related  to  the  number  of  fringes  crossed  by  a  particle  in  its 
flight  through  the  measurement  volume  and  it  can  produce  significant  errors  when  the  number  of  fringes  is 
small.  Whiffen  (1975)  has  shown  how  the  angular  bias  can  be  reduced  by  using  a  Bragg  cell,  but  in  super¬ 
sonic  flow  where  the  measured  Doppler  frequencies  are  already  very  high  (about  40  MHz),  this  solution  is 
not  always  possible.  A  Bragg  cell  typically  shifts  Ooppler  frequency  to  approximately  100  MHz,  a  value  far 
higher  than  the  cut-off  frequency  of  the  counter  preamp! ifiers  used  to  improve  the  signal -to-noise  ratio. 
To  retain  a  high  precision  of  measurements  with  the  presently  available  counters,  a  frequency  of  45  MHz 
must  not  be  exceeded.  Furthermore,  although  angular  bias  is  usually  insignificant  in  single  component 
measurements  of  a  low  turbulence  flow,  it  becomes  highly  significant  in  two-component  measurements  of  very 
turbulent,  and  especially,  supersonic  flows. 

Consider  the  example  of  a  typical  commercial  two  channel  L.D.A.  with  the  optics  arranged  so  that  the 
initially  parallel  beams  form  the  vertices  of  a  right  isoceles  triangle  on  the  focussing  lens  (Fig  2).  The 
probe  volume  is  formed  by  a  combination  of  two  measurement  volumes  whose  normals  to  the  fringe  planes  form, 
the  angles  <pfb  and  vfg  with  the  horizontal  plane  (the  subscripts  b  and  g  refer  to  the  blue  and  green  compo¬ 
nents  of  ar  argon  ion  laser  beam). 


Figure  2.  Emission  beam  configuration 


For  each  measurement  volume,  the  cross  section  of  the  flow  which  intersects  the  required  minimum 
number  of  fringes  Nn  constitutes  what  may  be  called  the  "useful  seeding  cross  section"  S  of  the  measurement 
volume.  This  area  S  was  calculated  for  a  one-component  system  by  Buchhave  (1975)  and  Dimotakis  (1976),  and 
by  Whiffen  (1975)  when  a  Bragg  cell  is  used.  The  calculation  was  extended  to  a  two-component  configuration 
by  lacharme  (1984),  and  Lacharme  and  Elena  (1987)  who  obtained: 
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cos(v  -  vfh). 
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Sr,  =  wed  is  the  reference  cross  section  of  the  measurement  volume,  (fir<?  measurement  volume  is  assumed  to  be 
an  ellipsoid  with  c  the  optical  semi -axis  and  d  the  vertical  semi-axis).  Nn  Sr;>d  Na  correspond  respectively 
to  the  number  of  fringes  required  for  validation  and  the  ac*ua!  number  of  fringes.  <p  is  the  angle  formed  or, 
a  vertical  plane  by  the  longitudinal  velocity  U  and  the  normal  to  the  fringe  plane. 

For  classical  L.O.A.  systems.  =  +45*  and  <pt  u  -  -45’.  Simultaneous  validation  of  a  particle  with 
velocity  u  on  both  channels  implies  that  the  cross  sections  S.  and  S,.  corresponding  to  the  direction  u  are 
different  from  zero.  This  allows  a  simultaneous  "useful"  cross  section  S?0  to  be  defined  (Lacharme  1984), 
that  is,  Sj5  »  $,.  n  Sg  =  inf  ($0,  Sq).  Figure  3,  which  shows  S?0  (<p)  in  polar  form,  illustrates  the  magni¬ 
tude  of  this  bias.  When  the  measure  ent  volume  contains  just  enough  fringes  required  for  validation 
(N,  =  N. ),  validation  occurs  only  for  the  particles  which  have  a  velocity  direction  close  to  the  direction 
normal  to  the  fringe  plane.  Validation  cones  for  each  component  become  very  narrow,  and  the  overlap  angle 
that  characterizes  the  useful  cross  section  for  simultaneous  validation  approaches  zero.  Simultaneous 
measurement  is  no  longer  possible  in  this  case.  To  obtain  accurate  measurements  using  two-component  L.D.A. 
systems,  it  is  therefore  necessary  to  increase  the  number  of  fringes  N,.  and  Nab  to  reduce  blind  angles, 
and  to  reduce  the  angle  formed  between  the  normals  to  the  blue  and  green  fringe  planes,  thereby 
increasing  the  area  of  angular  overlap  between  the  measurement  volumes.  It  is  straightforward  to  show  that 
for  supersonic  flows  the  bias  is  negligible  for  singl-  component  configurations.  A  two -component  configura¬ 
tion  is  more  critical;  angulai  Dias  is  no  longer  negligible  because  various  instrumental  factors  strongly 
aggravate  it.  These  factors  include  the  ^article  characteristics  and  the  velocimeter  parameters  (laser 
power,  diameter  and  focal  length  of  optics,  photomultiplier  gain,  counter  gain  and  thresholds,  etc). 
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Figure  3.  Simultaneous  two-component  validation  angle 
The  analysis  of  angular  bias  given  by  Lacharme  1984  shows  that  for  supersonic  boundary  layers,  a  de¬ 
crease  in  is  expected  when  fluctuations  are  significant.  This  is  also  the  case  for  longitudinal  inten¬ 
sities  when  the  correlation  coefficient  Ruv  is  close  to  1.  The  experimental  study  of  a  supersonic  turbulent 
boundary  layer  by  Elena  et  al  (1985)  illustrates  the  existence  of  this  angular  bias.  For  example,  Figure  4 
shows  measurements  taken  by  single  and  two-component  L.D.A.  systems.  It  may  be  observed  that  the  values  of 
J^/\  obtained  using  a  two-component  L.D.A.  are  much  tower  than  those  obtained  using  a  single  component 
L.D.A.  in  the  region  close  to  the  wall  (y /Sgg  <  0.2),  where  R„,  is  near  -1  Sg9  is  the  boundary  layer  thick¬ 
ness  corresponding  to  U  *  0.99  0e,  where  Ue  is  the  velocity  at  the  edge  of  the  boundary  layer.  On  the  other 
hand,  the  results  obtained  by  both  systems  are  similar  for  y/£9,  >  0.7,  where  the  fluctuations  are  small 
and  the  correlation  coefficient  Ruv  approaches  zero.  Figure  4  also  gives  results  obtained  using  a  two- 
component  L.O.A.  for  the  distribution  of  Tv'"*  in  the  same  boundary  layer.  A  direct  comparison  of  the  two 
systems  cannot,  of  course,  be  made  on  the  transverse  component.  However,  using  results  from  the  subsonic 
boundary  layer  studied  by  Klebanoff  (1955),  it  was  shown  by  Elena  et  al  (1985)  that  the  unbiased  results 
obtained  for  /T*  through  single-component  L.O.A.  are  very  close  to  Klebanoff's,  whereas  the  results  ob¬ 
tained  for  JF  and  through  two-component  L.D.A.  are  lower  than  those  obtained  by  Klebanoff.  This 

reduction  can  be  attributed,  at  least  in  part,  to  the  effects  of  angular  bias. 


a)  Fluctuation  of  u' 

•  single-component  L.D.A. 
o  two -component  L.O.A. 


b)  Fluctuation  of  v' 
o  two-component  L.D.A. 


7-5 


Measurements  of  Reynolds  shear  stresses  are  best  obtained  using  a  two-component  L.O.A.  since  the 
longitudinal  and  transverse  velocity  components  are  measured  simultaneously,  in  contrast  to  the  case  of  a 
one-component  system  where  measurements  must  be  taken  at  two  different  beam  orientations.  Besides  the 
necessary  to  assume  stationarity,  errors  can  arise  from  distortions  and  displacements  of  the  L.D.A.  mea¬ 
surement  volume  during  the  rotation  of  the  optics. 

Given  the  uncertainty  of  the  values  of  the  boundary  thickness  S999  corresponding  to  U  -  0.995  Ue  and 
the  wall  friction  rw,  the  various  measurements  of  Reynolds  stresses  by  Johnson  rnd  Rose  (1975),  Robinson  et 
al  (1983),  Elena  et  al  (1985)  agree  to  a  satisfactory  degree  throughout  a  large  portion  of  the  boundary 
layer  (see  Figure  5).  For  the  inner  region  of  the  boundary  layer,  the  values  given  by  L.D.A.  in  supersonic 
flow  are  generally  lower  than  the  subsonic  boundary  layer  result  of  Klebanoff  (1955),  and  the  estimations 
of  -uv  made  by  Sandborn  (1976).  This  decrease  is  also  related  to  the  consequences  of  the  angular  bias. 


Figure  5.  Turbulent  shear  stresses 

O  Elena  et  al  (1985) 

+  Johnson,  D.A;  Rose,  W.C.  (1975) 

O  Robinson,  S.K.  et  al  (1983) 

_  Klebanoff,  P.S.  (1955) 


These  low  values  of  -uv  near  the  wall  were  also  observed  by  Johnson  and  Rose  (1975)  using  a  one-compo¬ 
nent  L.D.A.,  as  well  as  by  Dimotakis  et  al  (1978).  Robinson  et  al  (1983)  suggested  that  "the  roll-off  in 
shear  stress  near  the  wall  may  be  due  to  the  use  of  L.D.A.  systems  with  stationary  fringes".  The  results 
obtained  by  these  authors,  using  Bragg  cells  to  provide  moving  fringes,  seem  to  show  that  at  least  some  of 
the  effects  of  angular  bias  can  be  eliminated  in  this  way,  when  it  is  possible.  In  other  cases,  it  should 
be  possible  to  reduce  angular  bias  by  decreasing  the  angle  <p.  Angular  bias  also  affects  the  measurement  of 
the  third  velocity  component  in  the  case  of  a  three-component  configuration.  The  validation  cross  section 
then  depends  on  the  intersection  of  three-component  probe  volumes.  Angular  bias  then  becomes  a  problem  of 
utmost  importance. 
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Summary 

This  chapter  is  concerned  with  the  wall  pressure  fluctuations  under  zero  pressure  gradient  and  perturbed  compressible 
turbulent  boundary  layers.  The  method  of  measurement,  common  sources  of  error  and  calibration  methods  are  discussed. 
Analysis  of  the  published  data  in  zero  pressure  gradient  shows  that  due  largely  to  poor  spatial  resolution  there  are  few.  if 
any,  really  reliable  measurements.  Within  the  accuracy  of  the  mease: aments,  it  does  appear  that  the  structure  of  turbulence 
in  equilibrium  supersonic  boundary  layers  is  not  significantly  altered  by  compressibility.  In  perturbed  flows  most  of  the  data 
are  in  shock/boundary  layer  interaction?  Attention  is  focussed  on  the  separation  process  which  is  characterized  by  large 
amplitude,  low  frequency  shock-induced  p.  assure  fluctuations,  on  the  separated  flow,  ami  on  the  outgoing  boundary  layer. 
Results  are  presented  for  two-  and  three-dimensional  flows. 


I  Introduction 

Knowledge  of  the  wall  pressure  fluctuations  under  supersonic  turbulent  boundary- layers  is  frequently  required  in  aeronautical 
design.  From  the  most  general  point  of  view,  the  wall  pressure  depends  on  the  surrounding  flow,  and  consequently  reflects  the 
salient  features  of  that  particular  flow.  Its  prediction  is.  therefore,  a  complex  problem.  Since  a  wall  pressure  transducer  is  a 
non-intrusive  device  it  is  very  tempting  to  use  it  extensively  in  such  situations  as  separated  flows  or  shockwave/boundary- layer 
interactions.  The  making  of  such  measurements,  however,  shows  that  they  can  be  very  difficult,  particularly  in  supersonic 
flows  and  even  in  zero-pressure  gradient  boundary  layers,  the  validity  of  many  of  the  measurements  is  questionable. 

An  attempt  is  made  here  to  provide  a  brief  introduction  to  the  method  of  measurement,  emphasizing  those  points  which 
the  experimentalist  must  pay  careful  attention  to.  Two  types  of  transducers  are  popular  for  measurements  in  supersonic 
flows;  piezoelectric  and  diaphragm  sensors.  The  analysis  will  be  restricted  to  these  two  types.  Various  sources  of  errors  will 
be  described  briefly.  The  data  for  zero  pressure  gradient  boundary-layers  will  then  be  analyzed,  and  an  assessment  of  their 
accuracy  will  be  given.  Following  that,  the  main  features  of  pressure  fluctuations  in  rapidly  distorted  flows  will  be  discussed. 
The  few  data  existing  in  this  case  are  mainly  in  shock  wave/boundarv-layer  interactions. 


2  Method  of  Measurement 

2.1  Types  of  Transducers  and  Sources  of  Errors 

In  rerent  studies  in  supersonic  boundary- layers  only  two  types  of  transducers  were  used:  piezoelectric  and  diaphragm  trans¬ 
ducers.  Only  these  types  will  be  considered  here.  Those  points  which  must  be  examined  and  the  precautions  which  must  be 
taken  when  measurements  are  made  in  supersonic  boundary- layers  will  be  described.  For  more  basic  considerations  ami  for 
other  types  of  sensors  the  reader  is  referred  to  Blake  1 198b). 

Piezoelectric  transducers  make  use  of  the  fact  that  some  crystals  or  ceramics  output  a  voltage  when  a  pressure  difference  is 
applied  across  them.  In  diaphragm  transducers,  the  pressure  difference  deforms  a  membrane  and  this  deformation  is  measured. 
The  main  disadvantage  of  piezoelectric  transducers  is  their  sensitivity  to  acceleration  and  cable  vibrations.  This  type  of 
instrument  can  be  used  only  in  facilities  free  from  vibrations  and  must  be  mounted  with  great  care,  using,  if  necessary,  special 
materials.  In  diaphragm  sensors,  there  is  generally  a  cavity,  so  that  in  addition  to  the  natural  frequency  of  the  membrane 
resonance  and  anti-resonances  may  occur.  For  example,  for  a  cavity  of  0.1mm  depth  and  0.7mm  diameter,  transverse 
and  longitudinal  waves  may  be  expected.  For  waves  travelling  transversely,  the  lowest  resonance  frequency  corresponds  to 
fluctuations  for  which  one  quarter  of  the  wave  length  equals  the  depth  of  the  cavity;  in  the  example  cited,  this  corresponds 


to  frequencies  of  about  700  kHz.  For  longitudinal  waves,  the  lowest  frequency  is  such  that  the  width  of  the  cavity  is  one 
half  of  the  wave  length.  In  the  same  example,  this  would  correspond  to  frequencies  around  200  kHz.  In  such  cases  it  is 
important  to  check  that  the  major  contributions  to  the  phenomena  under  investigation  do  not  occur  at  frequencies  near  the 
resonance  of  the  transducer.  Moreover  the  use  of  “pinholes”  and/or  screens  which  protect  the  diaphragm  from  damage  from 
dust  particles  can  change  the  shape  of  the  measured  spectrum.  Finally,  the  main  advantage  of  diaphragm  sensors  is  that 
they  are  practically  insensitive  to  acceleration  and  for  this  reason  are  easily  installed  and  used. 

These  transducers  have  to  measure  fluctuations  at  rather  high  frequencies.  In  a  turbulent  flow  of  thickness  6  with  an 
external  velocity  Lre,  a  typical  frequency  for  the  energy- containing  eddies  is  Ue/6.  The  upper  frequency  limit  is  of  order 
Uejt,  where  £  is  the  Kolmogorov  scale;  it  depends  on  the  turbulent  Reynolds  number.  However,  for  the  flows  commonly 
investigated  it  is  assumed  that  the  velocity  fluctuations  can  be  safely  measured  if  the  frequency  cut-off  of  the  instrumentation 
is  greater  than  5 U*fh  (Kistler  1959,  Gariglis  et  al.  1981).  For  example,  in  a  Mach  2.8  boundary-layer  with  Vf  ~  550  m/s 
and  6  —  Icm,  the  typical  frequency  is  55  kHz;  this  means  a  minimum  bandwidth  of  275  kHz  is  needed.  It  will  be  assumed 
that  the  same  rule  applies  to  pressure  fluctuations. 

2.2  Common  Sources  of  Errors 

Generally,  transducers  are  affected  by  moisture  and  dust.  However,  in  wind  tunnels  where  the  quality  of  air  can  be  controlled, 
these  difficulties  can  be  easily  overcome.  Two  other  areas  of  great  practical  importance  are  the  spatial  resolution  and  the 
flushness  of  the  transducer  mounting. 

The  question  of  spatial  resolution  has  been  examined  in  detail  in  low  speed  equilibrium  boundary  layers  [see  for  example' 
Willmarfh  (1975)  or  Blake'  (l9K(i)j.  An  important  contribution  was  made*  by  (\>r<os  (1988)  who  developed  a  theory  for 
calculating  the  damping  due  to  spatial  integration,  in  this  theory,  it.  is  assumed  that  the  two-dimensional  spectra  of  pressure 
(or  two-point  filtered  correlations}  are  known;  they  were  taken  from  experiments.  In  summary,  the  3dB  damping  point  i> 
predicted  to  occur  roughly  at  a  non-dimensional  frequency  ujr/U,.  Cr  1.  where  u  is  the  circular  frequency,  r  the  radius  of  the 
transducer  and  Ve  the  convection  velocity  of  the  perturbation  considered.  The  results  are  generally  in  good  agreement  will} 
measurements,  at  least  in  the  medium  frequency  range. 

A  similar  theory  lots  not  been  developed  for  supersonic  flows;  in  the  next  section,  it  will  be  shown  that  within  the 
range  of  accuracy  of  the  available  measurements,  it  is  reasonable  to  assume  that  the  statistical  properties  are  comparable 
in  supersonic  and  in  subsonic  zero  pressure  gradient  boundary-layers.  (Considering  again  a  boundary- layer  with  Vt  =  550 
m/s,  for  a  transducer  with  2r  =  0.7mm  and  Uf  —  0.6t\.  the  value  /  =  150  kHz  is  obtained  for  the  frequency  limit  given  bv 
2tr/r/C>  =  1. 

Moreover  if  the  frequency  /  =  is  constrained  to  he  larger  than  5 £r,/6,  a  rough  but  simple  criterion  for  the  required 

diameter  d  of  the  transducer  is  given  by 


i.e.  d  <  0.0-W  ( I  j 

This  “outer  flow  scaling”  formula  provides  a  means  of  determining  quickly  the  size  of  a  transducer,  knowing  only  the  thickness 
of  the  layer. 

Another  approach  has  been  used  by  Emmerling  (1973)  and  Schewe  (1983)  for  subsonic  flows.  It  uses  the  fact  that  the 
wall  pressure  fluctuations  depend  on  some  volume  surrounding  the  point  where  the  measurement  is  made,  but  are  mainly 
influenced  by  the  wall  region.  In  particular,  Schewe  deduced  from  his  measurements  that  an  ideal  transducer  should  have  a 
diameter  less  than  twenty  times  the  viscous  length  scale  u,vfuT,  where  uw  is  the  wall  kinematic  viscosity  and  ur  the  friction 
velocity.  Schewe  indicates  that  in  his  boundary- layer,  for  which  the  Reynolds  number  is  rather  low.  there  is  still  an  appreciable 
amount  of  energy  at  the  “viscous”  frequency  u2r/u„..  An  example  shows  the  correspondence  between  this  viscous  scale  and 
frequencies  which  can  be  found  in  the  flow.  The  Kolmogorov  length  scale  £  =  (i/3/c)1^  (e  is  the  dissipation  rate  per  unit 
mass)  can  be  calculated  at  the  point  =  10;  at  this  point  p,ve  ~  so  that  £  ~  If  Taylor's  hypothesis 

is  now  ,:sed,  as  U  —  10«T  for  y+  ~  10,  a  frequency  scale  is  deduced.  /  =  5\/2u*/t/u..  The  viscous  frequency  scale  u*/t/u,  is 
then  a  ~.der  of  magnitude  below  the  upper  frequency  limit  in  the  zone  of  maximum  production.  If  those  results  hold  also 
for  supersonic  boundary- layers,  two  criteria  are  obtained  for  the  diameter  of  the  transducer  d  and  the  bandwidth  of  the 
system; 

d  <  20 1 /w/uT 

ft  >  «5/»V  (2) 

It  can  be  seen  that  condition  (1)  can  be  fulfilled,  and  not  condition  (2),  if  A  +  (=  buT/i>n.)  is  larger  than  500,  i.e..  in  high 
Reynolds  number  boundary- layers. 

Finally,  a  common  source  of  error  that  should  be  carefully  checked  is  the  transducer  llnshness.  It.  is  obvious  that,  to  keep 
the  How  undisturbed,  the  departure  from  flushness  has  to  be  smaller  than  t/„,/tiT.  To  the  best  of  the  authors  knowledge, 
no  systematic  test  of  this  scaling  has  been  made;  however  the  measurements  of  Coe  (1969)  and  Hanly  (1975)  support  this 
idea.  Moreover,  their  results  show  that  if  the  sensor  is  protruding,  the  measurements  can  be  seriously  in  error;  the  r.m.s. 
pressure  is  changed  and  *<•«  coherence  and  phase  functions  are  significantly  modified  in  the  energetic  range,  so  that  two 
point  measurements  can  be  drastically  changed.  On  the  other  hand,  if  the  transducer  is  slightly  recessed,  the  changes  in  the 
measurements  are  less  significant.  In  practice,  it  is  difficult  to  install  the  transducer  flush  with  the  wall  with  an  accuracy  better 
than  0.01  mm.  If  uw/ur  is  less  than  0.01mm,  as  is  often  the  case  in  high  pressure  blowdown  tunnels,  the  best  recommendation 
is  to  recess  the  transducer  slightly. 


2.3  Calibration 


Calibration  problems  are  of  the  same  basic  nature  in  subsonic  and  supersonic  layers.  Only  those  problems  typical  of  supersonic 
flows  are  emphasized  here.  The  fluctuations  to  be  measured  are  typically  in  the  range  103  -  103  N/m2;  their  frequency  range 
is  often  larger  than  100  kHz. 

One  possibility  is  to  use  a  loudspeaker  to  calibrate  the  transducers;  due  to  the  very  high  level  pressure  fluctuations 
special  equipment  will  probably  have  to  be  built.  Another  approach,  and  a  more  common  one,  [see  Kistler  and  Chen  (1962), 
Doebelin  (1966),  Raman  (1974)J  is  to  use  a  shock  tube  to  produce  a  pressure  step.  The  frequency  response  of  the  transducer 
can  be  obtained  with  the  possible  resonances.  An  interesting  variant  of  this  procedure  is  to  use  the  pressure  step  across  the 
shock  wave  produced  by  a  bullet  in  supersonic  flight  (Raman  1974).  In  this  way,  a  very  rapid  pressure  change  is  produced, 
allowing  calibration  at  high  frequency.  From  the  response  to  this  step  the  transfer  function  of  the  transducer  can  be  deduced. 
Frequently  static  calibrations  only  are  made.  The  shock  tube  tests  of  Raman  showed  that,  for  the  diaphragm  type  transducers 
which  are  widely  used,  static  calibrations  differ  by  only  a  few  percent  from  dynamic  calibrations.  When  dynamic  calibrations 
are  not  possible  and  if  multi-point  measurements  are  to  be  performed,  it  is  recommended  that  comparisons  are  made  of  the 
output  of  different  transducers  placed  at  the  same  location.  From  the  comparisons  at  least  consistent  sets  of  data  can  he 
obtained  (Dussauge  1983). 

Finally,  with  many  commercially  available  transducers,  the  lack  of  spatial  resolution,  the  problems  of  cavity  resonance, 
etc.,  may  make  it  difficult  to  measure  fluctuations  at  frequencies  beyond  100  kHz.  However,  for  lower  frequencies  accurate 
measurements  can  be  performed. 

3  Pressure  Fluctuations  in  Zero  Pressure  Gradient  Supersonic  Boundary- 
Layers 

3.1  Introductory  Remarks 

As  discussed  in  the  previous  section,  the  main  sources  of  errors  are: 

1.  Spatial  integration  which  acts  like  a  low  pass  filter,  and  reduces  the  standard  deviation.  By  reducing  the  contribution 
of  the  (weakly  correlated)  high  frequencies,  this  increases  the  autocorrelation  and  two-point  correlations. 

2.  Spurious  signals  due  to  tunnel  noise  and  vibration;  this  increase.*  the  r.m.s.  value. 

3.  Electronic  noise  which  increases  the  standard  deviation:  as  its  spectral  content  is  usually  located  at  high  frequencies, 
its  characteristic  time  scale  is  very  small,  so  that  generally  correlations  are  reduced  by  such  noise. 

The  available  dat?  may  be  affected  by  all  of  these  problems.  As  a  first  step,  an  attempt  has  been  made  to  evaluate  their 
influence  on  the  published  results.  For  obvious  reasons,  it  is  very  difficult  to  determine  the  noise  level  in  the  experiments. 
However  in  most  cases  it  is  possible  „o  determine  approximately  the  frequency  cut  off,  and  to  check  if  the  measurements  are 
affected  by  bandwidth  limitations.  In  this  case,  the  analysis  is  also  difficult,  because  the  pressure  fluctuations  depend  on  both 
Mach  number  and  Reynolds  number.  For  this  reason,  the  ratio  rrvfru..  where  aP  is  the  standard  deviation  of  the  pressure 
fluctuations  and  rw  the  wall  friction,  will  be  examined,  because  it  is  probably  a  weak  function  of  the  Mach  number.  1  here  is 
no  widely  accepted  correlation  which  gives  this  functional  dependence  for  supersonic  zero-pressure  gradient  bo urtcJarv- layers. 
Moreover,  inspection  of  the  available  data  shows  that  the  range  of  Reynolds  number  explored  is  rather  limited:  for  example, 
the  Kannan  number  ur6/u^  ranges  from  about  800  for  Debieve's  data  (1983)  to  10.000  for  Dolling  ami  Murphy  s  results 
( 1983).  We  now  assume  that  low  speed  formulations  give  a  reasonable  indication  of  the  Reynolds  number  influence  on 
for  a  fixed  Mach  number.  For  example.  Simpson  et  al.  (1987).  using  the  numerical  results  of  Panton  and  Linebarger  (1974) 
found  that  Opfr*.  varies  as  [ln(ur6 / i/v)  -+  9.2J]'/3.  Such  a  law  gives  a  variation  of  only  7%  for  <rp/ru.,  in  the  case  of  the  presen* 
flows.  Thus,  it  is  believed  that  the  observed  trends  are  not  the  consequence  of  Reynolds  number  variations. 

The  effective  bandwidth  for  each  set  of  measurements  was  also  evaluated.  It  was  done  as  follows:  the  cut-off  frequence  /, 
of  the  electronics  circuits  was  first  noted.  The  equivalent  cut-off  frequency  f2  due  to  spatial  integration  was  calculated  from 
Torres's  work;  it  was  defined  by  the  relation  2ir /jr/Cv  =  I.  The  frequency  f2  was  determined  in  each  case  with  t".  —  0.6t\ . 
The  smaller  of  f\  and  fi  was  then  chosen  as  the  upper  frequency  limit  of  the  measurements. 

This  upper  limit  was  then  compared  to  characteristic  frequencies:  the  first  was  the  frequency  scale  of  the  energetic 
structures  of  the  boundary- layer  Ve/b\  the  second  was  the  viscous  scale  u*/ utl.  defined  in  Section  2.2.  Finally,  the  mlb-em-e 
of  the  transducer  ilia  meter  d*{  =  duTfvw)  was  examined. 

I  lie  various  parameters  defining  file  boundary- layer,  namely  f’,,  h,  also  had  to  be  defined.  When  these  quantities 

were  given  in  the  original  papers,  they  were  used  unchanged.  When  all  the  quantities  were  not  given,  the  flow  was  assumed 
adiabatic,  wii  h  a  rerovety  fa<  for  of  (J  N!>:  the  stagnation  temperature  wa>  taken  as  293  1\;  finally  the  integral  thickness  and  the 
friction  coefficient  were  calculated  using  the*  formulas  proposed  by  Michel  f  I960 1.  In  general,  t  he  accuracy  of  A  is  questionable, 
as  pointed  out  by  Fernholz  and  Finley  (1980).  but  in  the  absence  of  any  other  information,  the  values  reported  by  the  authors 
were  accepted.  This  may  be  t lie*  cause  of  additional  scatter  in  the  data,  but  as  i‘  will-  be  demonstrated  in  the  next  section, 
does  not  change  the  conclusions  of  the  analysis. 


3.2  Analysis 

Figure  1  shows  the  ratio  rrr/r„  plotted  versus  the  non  dimensional  cut-off  frequency  fbfU,.  The  values  of  <?r,  are  not  corrected 
for  spatial  resolution  errors,  except  in  the  rase  of  Chyu  and  Hanly  (1969)  and  of  Speaker  and  Adman  (1969).  who  did  not 
publish  the  raw  data. 
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figure  1:  Influence  of  Cut-Off  Frequency  on  Pressure  Fur  tuitions 


A  first  observation  is  that  few  data  points  have  an  effective  cut-o(F  frequency  larger  than  4l\fd:  this  is  generally  due  to 
poor  spatial  resolution  rather  than  to  tie  limitations  ol  the  electronics.  Only  Maestrello.  K  is  tier  and  Chen.  an<l  Muck  et  al. 
took  measurements  with  a  cut-off  frequency  larger  than  \Ve)b.  A  second  disturbing  observation  is  that  the  results  obtained 
by  the  same  author,  i.e.,  in  the  same  wind  tunnel  and  with  the  same  electronics,  have  very  close  values,  nearly  independent 
of  Mach  number,  Reynolds  number  and  non-dimensional  frequency  limits.  This  suggests  that  the  measurements  reflect  in 
some  way  the  peculiarities  of  the  particular  experimental  set-up  and  consequently  the  real  evolution  may  be  masked.  For 
example,  Kistler  and  Chen  s  data  have  systematically  high  values.  The  third  observation  is  that  no  clear  conclusion  can  be 
drawn  about  the  dependence  of  <tp/tw  on  either  cut-off  frequency  or  Mach  number. 

I  he  same  data  are  replotted  versus  fuwfu.zT  in  Figure  2.  There  are  only  six  points  with  an  abscissa  larger  than  0.1)5. 
indicating  that  a  large  part  of  the  high  frequency  contribution  from  the  flow  close  to  the  wall  is  sn pressed  because  of  pour 
spat-al  resolution.  It  is  not  clear  if  in  high  Reynolds  number  flows  it  is  necessary  to  reach  the  dissipative  range  to  obtain 
accurate  r.m.s.  values.  It  is.  however,  clear  that  all  measurements  have  been  performed  with  a  too  narrow  a  bandwidth.  As 
with  Figure  1.  no  obvious  underlying  trends  are  apparent  . 

A  final  attempt  was  made  by  plotting  opjr,v  versus  df  = 
duTJv u.  (Fig.  3),  as  proposed  by  Fmmerling  (1973)  ami  Schewe 
(19'$.'J).  Data  with  J+  >  500  were  excluded.  The  number  next 
to  each  data  point  is  the  Mach  number.  If  the  results  of 

oil - 1  1  —  |  Schewe  can  be  extended  to  the  present  experiments,  the  mea- 

surements  underestimate  <7P  if  </+  is  larger  than  20;  in  panic 
6  -  ^  —  ular  for  d+  larger  than  100.  rrp  should  probably  be  multiplied 

by  2.  if  there  is  no  other  source  of  error.  Again,  no  identifiable 
.0  -  trends  appear  in  this  form,  neither  tor  the  influence  of  </+  or 

q.  A  X  A  for  the  Mach  number  dependence. 


Figure  2:  Influence  of  Cut-Off  Frequency  on  Pressure  Fluctuations 
(continued).  Symbols  as  in  Fig.  1 


Figure  3:  Effect  of  Transducer  Size  on  the  rms 
Values  of  Pressure  Fluctuations  (Symbols  as  in  Fig.  1 ) 
(Numbers  adjacent  to  symbols  indicate  Mach  Number) 
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It  should  be  noted  finally,  that  for  the  higher  Mach  numbers,  the  measurements  of  Maestrello  seem  to  have  t he  better 
bandwidth.  Some  measurements  of  Kistler  and  Chen  were  performed  with  a  reasonable  bandwidth,  although  the  results  seem 
systematically  too  high;  this  suggests  that  their  results  could  be  affected  by  noise  or  spurious  signals.  As  far  as  the  value  of 
d+  is  concerned,  the  measurements  of  Debieve  (1983)  and  Dussauge  (1985)  are  satisfactory,  whereas  those  obtained  by  Muck 
et  al.  (1983)  have  a  good  f6e/Ue  parameter. 

In  conclusion,  it  appears  that  the  measured  values  of  ap  in  zero  pressure  gradient  supersonic  boundary-layers  are  probably 
too  low.  if  they  are  not  affected  by  noise.  As  a  consequence  of  the  damping  of  the  high  frequencies,  the  shape  of  the  spectra 
can  be  distorted;  in  particular  if  they  are  normalized  to  unity,  the  low  frequency  level  will  be  in  error  .•  <»  Moreover,  with 
the  data  presently  available  it  is  not  possible  to  define  the  effect  of  the  Mach  number  on  nvfr^.. 

3.3  Characteristic  Scales  -  Space-Time  Correlations 

An  examination  was  made  to  determine  if  some  characteristic  scales  could  be  deduced  from  the  measurements.  The  first  one 
was  the  integral  time  scale  deduced  from  the  integral  of  the  autocorrelation  coefficient  or  from  the  extrapolated  value  of  the 
spectrum  at  zero  frequency.  A  length  scale  was  deduced  by  using  Taylor's  hypothesis.  This  determination  was  -it her  very 
difficult  or  impossible,  for,  very  often,  spectra  had  “bumps”  at  low  frequency  which  prevented  extrapolation.  However,  when 
this  was  possible,  it  appeared  that  the  integral  scale  could  be  much  larger  than  the  boundary  layer  thickness,  if  the  effective 
bandwidth  was  too  small.  For  measurements  with  <  100.  the  integral  scale  was  typically  0.1  a  value  consistent  with  the 
results  obtained  in  low  speed  flows. 

Space-time  correlations  were  examined,  and  in  particular  the  locus  of  the  maxima  for  various  values  of  the  separation 
distance  x.  They  are  shown  in  Figure  4.  It  is  common  to  plot,  these  results  versus  x/6m,  6"  being  the  displacement  thickness; 

is  widely  used  for  scaling  quantities  in  low  speed  studies,  and  is  unambiguous,  for  it  is  proportional  to  b  but  ran  be 
determined  much  more  accurately.  In  supersonic  flows,  the  ratio  bm/6  depends  on  the  external  Mach  number,  arid  may 
produce  some  scatter.  Hence  an  alternative  approach  based  on  the  following  reasoning  was  preferred  [see  for  example  Corrsin 
(1963)].  It  is  well  known  that  from  the  maximum  of  the  space-time  correlation  a  “convection  time”  for  the  eddies  can  be 
obtained.  During  this  time,  the  structure  loses  a  part  of  its  coherence  and  there  is  a  decrease  in  the  correlation.  This  loss 
of  correlation  for  large  separations  leads  to  the  definition  of  a  characteristic  time  1  “eddy  lifetime"  or  “turnover  time"  i  of 
the  large  eddies.  This  time  should  be  proportional  to  the  time  scale  of  turbulence  in  the  boundary-layer  which  is  then  the 
appropriate  scaling  quantity,  and  can  be  defined  by  A/ 'Ju** .  where  A  is  some  length  scale,  for  example  an  integral  scale,  and 
yul*  a  typical  value  of  the  velocity  fluctuations.  In  the  present  case  such  measurements  were  not  available  so  the  friction 
velocity  u,  was  chosen  as  the  velocity  scab*,  and  as  the  length  scale  of  the  energetic  eddies:  the  kinematic  displacement 
thickness  6 *  =  /w5{.\  -  U/Ue)dy  would  probably  have  been  easier  to  use,  but  was  not  in  general  given  by  the  authors.  1' 
should  be  noted  that  the  effective  bandwidth  of  these  measurements  is  generally  lower  than  for  the  determination  «>f  the 
r.m.s.  values:  either  an  analog  correlator  introducing  a  lower  cut  off  was  used,  or  the  sampling  rate  was  decreased  to  record 
two  channels  of  data.  A  subsonic  result  is  plotted  for  the  sake  of  comparison. 
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Figure  t.  Optimum  space-1  in  i*-  correlations  of  wall  pressure 
fluctuations  in  supersonic  boundary  layers 


Some  of  the  curves  in  Figure  4  have  rather  high  values.  They  correspond  essentially  to  cases  with  a  very  limited  frequent  y 
range.  When  d+  is  small,  the  rurve  lies  in  a  range  near  the  subsonic  values,  whatever  the  Mach  number.  A  particular  trend 
is  observed  for  Kistler  and  Ch  ’n’s  results:  they  fall  under  the  low  speed  data,  whatever  </+  and  Mr.  This  result  and  the  fact 
that  the  values  of  rrp  reported  by  these  authors  are  the  larger  ones  suggest  that  the  signal-to-noise  ratio  of  this  measurement 
could  be  low. 

Considering  the  accuracy  of  the  measurements,  a  first  conclusion  is  that  the  characteristic  time  scale  of  the  energetic  part 
of  the  pressure  fluctuations  seems  to  be  of  the  same  order  of  magnitude  as  in  *s»tbson»c  flows.  This  confirms  that  the  structure 
of  turbulence  in  equilibrium  supersonic  boundary- layers  does  not  seem  to  be  significantly  changed  by  compressibility.  Another 
conclusion  is  that  there  are  no  reliable  measurements  of  the  variance  of  the  wall  pressure  in  lhe<?e  flows.  The  reasons  are 
the  poor  spatial  resolution  and  probably  the  noise  and  vibration  in  many  wind  tunnels.  These  phenomena  largely  affect 
the  high  frequency  part  of  the  fluctuations  so  that  all  the  phenomena  involving  the  low  frequency  part  of  the  spectrum 
ran  be  measured  reasonably  accurately.  For  example,  the  pressure  fluctuations  produced  by  an  oscillating  shock  wave  in  a 
compression  ramp  flow  occur  at  low  frequency,  typically  0.1  U,/6.  and  can  be  measured  with  confidence. 
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4  Measurements  in  Perturbed  Flows 

4.1  Introductory  Remarks 

There  are  many  flows  of  interest  in  which  compressible  turbulent  boundary  layers  are  subjected  to  sudden  perturbations. 
Buffeting  in  the  transonic  regime  is  one  example  and  has  much  in  common  with  other  performance-limiting  phenomena 
such  as  dynamic  inlet  distortion  and  buzz.  The  interaction  of  a  shock  wave  with  a  turbulent  boundary- layer  is  probably 
the  most  important  class  of  flows  in  which  extremely  rapid  perturbations  in  pressure  and  temperature  are  applied  to  the 
boundary- layer.  There  have  been  many  experimental  studies  of  such  phenomena,  but  only  in  a  small  fraction  of  these  studies 
have  wall  pressure  fluctuations  been  measured. 

The  earliest  study  in  which  measurements  were  made  is  probably  that  of  Kistler  (1964)  who  investigated  forward-facing 
step  flows  at  Mach  numbers  of  3  and  4.5.  In  the  late  1960’s  and  early  7Q’s,  Robertson  (1969,1971),  Speaker  and  Ailtnan 
(1969),  Chyu  and  Hanly  (1960)  and  Coe  et  al.  (1973),  made  measurements  at  speeds  from  transonic  to  supersonic.  Much 
of  this  work  was  motivated  by  the  need  to  predict  the  fluctuating  pressure  field  about  high-speed  vehicles.  From  the  late 
70*s  to  the  present,  wall  pressure  fluctuation  measurements  have  contributed  to  the  understanding  of  forced  and  self-excited 
oscillations  in  transonic  diffuser  flows  (Chen  et  al.  (1979),  Sajben  and  Kroutil  (1981),  Bogar  et  al.  (1983).  Sajben  et  al. 
(1984)  and  Bogar  (1986)).  There  is  currently  renewed  interest  in  unsteady  aspects  of  shock  boundary-layer  interaction  in 
external  flows,  particularly  the  separation  process.  Wall  pressure  fluctuation  measurements  are  the  majority  of  the  new  data. 
In  this  section  an  attempt  is  n  .  'e  to  summarise  what  has  been  learned  from  these  measurements.  Only  naturally  unsteady 
flows  are  included.  Forced  unsteadiness,  induced  by  oscillating  boundaries  or  time-varying  upstream  or  downstream  boundary 
conditions,  is  excluded. 

The  review  is  split  into  three'  parts.  The  first  deals  with  the  region  bounded  by  A'0  and  5,  where  Xa  is  the  interaction  start 
(defined  as  where  the  mean  pressure  P w  first  increases  above  the  undisturbed  level  P,.,)  and  S  is  the  separation  location  (as 
indicated  by  surface  tracer  techniques).  Because  of  the  nature  of  the  pressure  signal.  tb:*  »»  is  called  intermittent.  The 
second  part  deals  with  the  separated  flow  and  the  third  concerns  the  outgoing  boundary  I  istream  of  rcallachnient,  /?. 

For  organizational  purposes,  results  from  nominally  2-D  and  3-D  studies  are  discussed  la.h  separate  sections.  However, 
since  they  share  many  common  features,  they  are  discussed  together  where  appropriate. 

4.2  Two-Dimensional  Flows 

4.2.1  Features  of  the  Intermittent  Region 

Typical  pressure  signals  measured  upstream  of  5  in  a  separated  compression  ramp  flow  at  Mach  3  are  shown  in  Figure  5. 
The  moving  separation  shock  generates  an  intermittent  wall  pressure  signal,  P,,..  whose  level  fluctuates  between  the  range 
characteristic  of  the  undisturbed  boundary  layer  and  that  of  the  disturbed  flow  downstream  of  the  '■hock.  There  i«  *ome 
evidence  to  suggest  that  the  instantaneous  separation  point  and  shock  foot  are  essentially  at  the  same  location  and  that  S 
is  the  downstream  boundary  of  a  region  of  intermittent  separation  [Chen  et  al.  (1979).  Cramanti  and  (hiding  I  The 

fraction  of  the  time  that  the  flow  at  a  point  is  disturbed  (given  by  the  interimllencv.  ") )  increases  downstream  of  .V  until 
just  upstream  of  S.  •>  -  1.0.  Kistler  (1964)  was  probably  the  first  to  observe  this  behavior.  I  lie  satin*  phenomenon  ha* 
since  been  seen  in  Hows  generated  by  tins  wept  and  swept  compression  ramps,  hemicylindricaHv  blunted  tins,  sharp  hits  at 
angle-of- attack,  circular  cylinders,  arid  in  shock-induced  separation  in  transonic  diffusers  and  on  transonic  airfoils. 


Figure  5;  Mach  3  compression  ramp  flow  (a)  flow  features  (b) 
pressure  signal  upstream  of  “5”  (c)  distribution  of  mean  pressure 
and  rms  of  pressure  fluctuations  (d)  intermittency 


The  unsteady  shock  causes  a  rapid  increase  in  or  upstream 
of  S.  A  typical  distribution  of  op  i>  shown  in  Figure  5c.  For 
reference,  the  normalized  distribution  of  mean  pressure  is  also 
shown.  Although  the  pressure  fluctuations  increase  down¬ 
stream  of  the  shock  wave  (compare  the  signal  al  times  t j  and 
1 2  in  Figure  5b).  this  contributes  relatively  little  to  the  overall 
Op.  The  shape  of  the  distribution  upstream  of  5  is  common  to 
all  shock-induced  turbulent  separated  flows.  Similar  distribu¬ 
tions  have  also  been  reported  in  studies  in  which  the  piessure 
signal  was  not  shown  or  discussed  explicitly  and  includes  cir¬ 
cular  cylinders  at  transonic  speeds  [Robertson  (1969,1971)]. 
impinging  shock  waves  [Speaker  and  Ailman  (1969)].  and  ax 
jsymmetric  flares  and  steps  [Chyu  and  Hanly  (1969),  Cocci  al. 
(1973)]  over  a  wide  range  of  flow  conditions.  Downstream  of  5 
the  shape  appears  to  be  a  function  of  the  type  and  scale  of  the 
separated  flow.  The  maximum  value  of  or  occurs  upstream 
of  5  and  is  a  significant  fraction  of  the  local  Pu..  A  relatively 
simple  analytical  approximation  expressing  crp  in  terms  of  the 
contributions  of  the  upstream  and  downstream  pressure  fields 
is  given  by  Debieve  and  LaCharme  (1986): 


-(1 
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where  (Ap)s  is  the  mean  pressure  rise  across  the  shock  and  subscripts  u  and  d  refer  to  the  pressure  fields  upstream 
and  downstream  of  the  shock  respectively.  The  only  inherent  assumption  is  that  the  upstream  and  downstream  fields  are 
statistically  homogeneous.  If  apu  and  ap^  are  small  compared  to  ( Ap),  which,  based  on  experimental  evidence,  is  a  reasonable 
approximation,  then  the  expression  can  be  simplified  to: 


which  has  a  maximum  at  7  =  0.5.  As  a  check,  (Ap),  was  calculated  from  [op)mM  for  the  24°,  Mach  3  compression  ramp 
flow  of  Muck  et  al.  (1985).  The  calculated  shock  pressure  ratio  was  1-6  compared  to  a  value  of  about  1-7  ‘“eyeballed”  from 
the  pressure  signal.  In  practice,  appears  to  occur  a  little  further  downstream  at  7  ~  0  ■  6  —  0  ■  7,  but  as  a  first 

approximation  the  above  works  well. 

For  comparison  of  results  from  different  flows  and  for  determining  the  length  scale  of  the  shock  motion,  it  is  necessary 
to  quantify  7.  Different  authors  have  used  different  techniques.  In  all  methods,  the  objective  is  to  calculate  the  fraction 
of  the  time  that  the  flow  is  disturbed.  Dolling  and  Murphy  (1983)  used  the  criterion  Pu.  >  Pu.0  -fi  3<rp:  Narlo  (1986)  used 
Pu:  >  PVo  +  4.5op,  and  Andreopoulos  and  Muck  (1986)  used  Pw  >  T  where  T  is  an  “eyeballed"  threshold  .  Methods  using 
two  thresholdshave  also  been  employed  [Narlo  (1986)],  Dolling  and  Brusniak  (1987).  A  brief  description  is  given  in  section 
4.2.3. 

In  practice,  7  increases  or  decreases  as  the  threshold  is  changed,  but  the  curves  do  not  change  shape:  they  are  simply 
shifted  streamwise.  The  distribution  shape  is  similar  to  the  normal  probability  distribution  function  (Fig.  5d).  For  all  cases 
for  w'hich  7  has  been  reported,  the  intermittent  region  extends  from  A’u  to  just  upstream  of  S.  I  p  to  this  point,  (here  is  no 
evidence  that  it  correlates  with  any  incoming  flow  parameter. 

Muck  et  al.  (1985)  and  Dussauge  et  al.  (1985)  used  a  rotatable  wall  plug  in  which  4  Kulite  transducers  were  installed 
in-line  with  spacing,  £  =  0.236o.  Figure  6a  show's  simultaneously  sampled  signals  upstream  of  S  in  a  Mach  3  separated 
compression  ramp  flow,  for  the  transducers  aligned  longitudinally.  When  the  shock  is  upstream  of  a  given  transducer  (i.e.. 
channel  2  at  time  fi),  the  pressure  indicated  by  it  and  the  2  downstream  transducers  is  essentially  the  same  and  about  equal 
to  the  pressure  level  at  5.  This  suggests  that  the  instantaneous  shock  structure  in  the  intermittent  zone  can  be  described 
by  a  single  shock  wave.  The  traditional  view,  that  Pu  increases  through  a  nominally  steady  compression  fan  appears  to  he 
incorrect. 

Pressure  signals  in  tin*  same  flow  with  the  pine  rotated 
90° (Fig.  6b)  show  that  the  shock  front  has  span1. vise  ripple* 
with  wavelengths  as  small  (if  not  smaller)  than  U.236,  and  as 
large  (if  not  larger)  than  0.696,,.  Dussauge  et  al.  (1983)  also 
noted  span  wise  non- uniformities  in  the  autocorrelations  of 
the  signals  at  different  spanwise  locations.  The  intermit tenev 
also  displayed  strong  spanwise  non-uniformities.  These  obser¬ 
vations  agree  qualitatively  with  the  results  of  Settles  (1979) 
which  show  that  the  separation  line  is  wavy  with  a  repetitive 
spanwise  character.  Heliable  quantitative  data  on  the  span 
v/i*e  structure,  if  any.  are  larking  and  is  a  fruitful  area  for 
future  work. 

4.2.2  Power  Spectra  in  the  Intermittent  Region 

Power  spectra  at  the  location  of  {op,l,)max  are  shown  in  Fig.  7. 
The  model  geometries  and  flow  conditions  are  given  in  (lie  leg¬ 
end  as  is  the  frequency  resolution,  A /.  and  the  number  of  data 
records.  .v  the  spectrum  is  based  on.  All  of  these  results 
were  obtained  in  the  Princeton  Fniversity  Mach  3  blowdown 
tunnel  either  at  Station  1  (6  %  1  •  6  cm  )  or  at  Station  2(6% 
2-2  cm  )  in  the  tunnel  floor  boundary  layer.  The  data  in  Fig.  7 
are  presented  in  the  commonly  employed  form  fG(f)/aj,  vs 
/.  plotted  on  linear-log  axes,  where  G(f )  is  the  one-sided, 
auto-spectral  density  function.  The  choice  of  plotting  axes  is 
an  important  consideration.  Since  a],  =  /0X  G(/W/  then  for 
visualising  the  contribution  of  a  given  frequency  range  to  a],, 
linear-linear  axes,  although  awkward,  are  probably  the  least 
misleading.  An  alternative  approach  which  has  the  advantage 
that  the  area  under  a  given  curve  segment  is  linearly  propor¬ 
tional  to  the  contribution,  of  that  frequency  range  to  Op  is  to 
plot  f  ■  G{f)  vs  /  on  linear-  log  axes.  The  frequency  range 
of  shock  oscillation  which  is  characterised  bv  high  amplitude 
K,gur,  6  Simultaneous  Sampled  Pressure  signal,  upstream  of  "S"  fluctuations  is  then  more  evident  than  when  plotted  as  C.{f ) 

m  Mach  3  compression  ramp  flow  (a)  transducers  aligned  va  j  on  ,og.|og  #,a|„,  as  is  done  for  curve  1  in  the  inset  at 

Streamwise  (b)  transducers  aligned  spanwise  t|u,  top  (,f  f1Rmc 
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Figure  7  Power  spectra  at  local ion  of  (<rp  )roax 

(curves  13  on  axes  as  shown;  curves  4-10  are  shifted  0-3  units  of 
/  ■  upwards) 


However,  plotting  /  •  G(f)  vs.  /  does  suffer  from  several 
drawbacks  and  care  must  be  taken  in  the  interpretation.  Com¬ 
pared  to  the  linear-linear  form,  the  logarithmic  representation 
may  mask  the  low  frequency  component  which  is  rejected  to 
zero.  Second,  maxima  in  fG{$)  occur  at  each  point  where 
G(f)  vs  /  in  linear-linear  form  has  a  slope  of  -1.  This  point 
has  no  particular  physical  meaning  and  is  not  always  in  the 
dominant  frequency  range.  Third,  peaks  evident  in  the  origi¬ 
nal  linear-linear  plot  can  be  aliased  to  lower  frequencies  lead¬ 
ing  to  misleading  interpretations.  .Normalizing  by  crj>,  to  force 
the  area  under  the  curve  to  unity,  can  also  be  misleading,  un 
less  the  true  spectrum  and  the  true  crj,  have  been  measured. 
If  there  exists  a  frequency  cut-off,  then  as  the  area  is  forced 
to  unity  the  low  frequency  range  of  the  spectrum  will  be  in¬ 
correct,  even  if  the  original  dimensional  spectrum  was  correct. 
In  the  incoming  boundary  layer  and  separated  flow  zones,  fre 
queney  cut-off  is  a  pervasive  problem,  and  normalizing  by  o\> 
is  not  recommended.  On  the  other  hand  at  (<rp  )„»**,  where 
a  large  fraction  of  the  energy  is  at  low  frequency,  little  error 
will  be  incurred. 

Power  spectra  in  the  intermittent  region  of  other  *2-0  flows, 
in  transonic  normal  shock  interaction  in  diffusers,  and  shock- 
induced  separation  on  transonic  airfoils  all  have  similar  char¬ 
acteristics.  Even  at  very  high  freestream  velocities  and  with 
thin  boundary  layers,  which  generates  extremely  small  time- 
scales,  6/Ve,  power  spectra  indicate  low  shock  oscillation  fre¬ 
quencies;  spectral  center  frequencies  are  typically  2  kHz  or 
less.  Although  an  idea  of  the  range  of  shock  frequencies  can 
he  deduced  from  power  spectra,  several  authors  have  tried  to 
isolate  the  shock  motion  component  of  the  pressure  signal, 
and  determine  (lie  shock  properties  separately.  A  brief  de¬ 
scription  of  the  techniques  employed  and  some  of  the  results 
follow  in  the  next  section. 

4.2.3  Separation  Shock  Wave  Frequency  Estimates 

To  isolate  the  shock  component  of  the  pressure  signal,  sev¬ 
eral  authors  have  employed  conditional  sampling  algorithms. 
Their  common  feature  is  the  conversion  of  the  pressure  sig¬ 
nal  (Fig.  8a)  into  a  “box-car"  of  amplitude  unity  and  vary¬ 
ing  frequency  (Fig.  8b).  The  time  T%  between  consecutive 
passages  of  the  shock  over  the  transducer  is  determined  and 

statistics  performed  to  obtain  the  probability  distribution  of 
s 

T,  and  the  mean  value  Tm(=  T^rr,,  where  jV  is  the  number 

i=i 

of  periods.  It  should  be  noted  that  1 /Tm  is  the  shock  zero 
crossing  frequency.  fr.  not  the  mean  shock  frequency.  /,.  is 
the  number  of  crossings  per  second  of  the  transducer  by  the 
shock  wave,  whereas  the  mean  shock  frequency  is 
where  fi  =  1  /Tx.  Since  the  pressure  signal  is  of  a  turbulent 
flow,  precautions  must  be  taken  to  ensure  that  high-frequency 
turbulent  fluctuations  are  not  inadvertently  counted  as  shock 
waves.  This  problem,  and  others,  are  discussed  below. 

In  earlier  work  (Dolling  Sr  Murphy.  ( 11183)1  a  single  thresh¬ 
old  T  was  used,  as  indicated  in  Fig.  8a.  T  was  set  equal  to 
P.,  +  3 <?/',  where  subscript  o  refers  to  properties  of  the  undis 
turbed  boundary  ,'ayer.  Thus,  when  Pu.  increased  above  T . 
this  indicated  the  start  of  the  shock  passage  upstream  over 
the  transducer.  When  Pw  fell  below  T,  this  indicated  the 
end  of  the  shock  passage.  However,  because  drift  and  zero 
shifts  cause  small  dc  offsets  from  test  to  test  the  results  can 
be  inconsistent.  Andreopoulos  and  Muck  (1985)  improved  on 
this  by  “eyeballing”  each  signal  and  choosing  T  just  above 
the  largest  fluctuations  of  the  boundary  layer  fraction  of  this 
signal.  This  technique  was  used  in  the  24°compression  ramp 


flow  at  Mach  3.  T„  was  found  to  be  approximately  T-7io/Un. 
Further,  Tm  was  independent  of  position  in  the  intermittent 
region  and  ramp  angle  (i.e.,  independent  of  downstream  flow 
conditions).  /„  was  equal  to  0.131^/^,  which  the  authors 
claim  is  the  same  order  as  the  estimated  bursting  frequency 
of  the  turbulent  boundary  layer.  These  two  results  led  these 
j  I - 1 - ^ - 1 - -  authors  to  conclude  that  “the  incoming  boundary  layer  is  thp 

D  r„„;l  ’  ~i  most  likely  cause  triggering  the  shock  wave  oscillation." 

w  y  i  Hi 

5  q  _  A.  I  HA  _  Although  this  method  avoids  the  problems  noted  above,  it 

II  Jpj  iff  is  subjective  and  difficult  to  apply  consistently.  However,  a  far 

Ip  /  J  more  serious  problem  is  that  many  “false  shocks"  are  counted. 

/IS  Fig-  8  illustrates  the  problem.  Fig.  8b  shows  the  “ideal”  box- 

4- .  0 1 —  7  ill  '  ll  -  Car’ aS  b>  ey<N  for  the  pressure  signal  in  Fig.  8a.  Fig.  8c 

/iflllj  |  shows  the  box-car  from  the  algorithm,  in  which  turbulent  Hue- 

Ill  •  i  I  tuations  such  as  A  and  B  (Fig.  8a)  are  inadvertently  counted 

_ A  _  T  flB  l  _  as  shock  waves.  Because  these  “shocks"  are  actually  turbulent 

3.  0  -  w  vV)  V?  ^  I  fluctuations  they  occur  at  high  frequency  and  their  indusuv: 

t[ms]  in  the  box-car  drives  fc  higher.  No  matter  what  level  T  is 

— I _ I _ l _ L _ | _ L  at,  fluctuations  such  as  A  and  B  or  the  series  around  (' 

0.0  2.5  5.0  7.  5  10.  0  12.  5  (Fig.  8a)  will  always  create  false  shocks.  That  this  problem 

is  significant  can  he  seen  by  locating  the  value  of  fc  (0- 1:1 
p  £v/60  3.1  kHz)  on  the  corresponding  power  spectrum  in 

be  h — Tj — *\  F  ig.  7.  f<.  indicated  by  the  arrow  labelled  “STM”,  is  around 

1  — Ifin  -  —  — |  I -  PI  the  upper  boundary  of  the  shock  frequency  range. 

I  b)  To  avoid  this  problem  an  algorithm  using  two  thresholds 

0  —  — ^  ^  FJ  l — J  LJ  L  was  developed  by  Dolling  and  Narlo  Oils?*  h.  this  case,  the 

)  upper  threshold  T2  =  P0  - f  4.5<7/»,  and  the  lower  one  T,  = 

(  £  b  To  raF‘ulaf'  P0 ,  a  u window"  of  width  AP  is  stepped 

1  n  ni  ]  I  II  n  through  the  pressure  signal  in  small  increments,  starting  at 

!  |  j  III  I  I  C]  lhe  minimum  in  the  signal.  At  each  step,  the  number  of  data 

0  —  —  LJ1LJ  I — i  Li  —  aL — i  w.  points  iu  t’ue  window  is  counted.  Since  the  transducers  used 

/  in  these  experiments  showed  that  the  pressure  fluctuations  m 

the  undisturbed  boundary  layer  are  distributed  normally  the 
^  nni  f  f  f  7  [  position  at  which  the  greatest  number  of  data  points  occurs 

I  I  d]  brackets  P0. 

0“  »  •  1  he  standard  deviation,  ap0,  of  the  boundary  layer  portion 

t  [msj  of  the  signal  is  then  calculated.  P0  +  1.5 oy0  was  chosen  for 

- 7”^ - rr^-r - T^~  since  the  probability  of  finding  points  greater  then  4.5<Tp, 

above  P0  is  very  low  (i.e.,  0.0000068).  Hence,  pressures  above 
T-i  are  characteristic  of  the  flow  downstream  of  the  shock, 
and  pressures  below  T2  are  characteristic  of  the  undisturbed 
Figure  S  Conversion  of  pressure  s,g„al  into  box-rar  (a)  original  boundary  layer.  This  approach  sets  T7  consistently  just  above 
Signal  |b)  box-car  judged  by  eye  (cl  box  car  from  two-threshold  ,hp  |arg<,st  fluctuations  of  the  boundary  layer,  and  automati- 

alogrithm  rally  takes  care  of  d.c,  offsets  or  drift.  The  process  requires 

no  subjective  input  from  the  user. 

Initially,  if  Pu,  <  T2.  a  flag  is  set  ‘‘off’.  The  algorithm  then  checks  successive  data  points.  If  the  first  point  is  less  than 
Tj  and  the  second  point  is  greater  than  T2  and  the  flag  is  “off”.  this  marks  the  start  of  the  passage  of  a  shock.  The  counter 
that  records  the  time  between  successive  shock  waves  is  then  initialized  and  the  flag  is  then  set  “on".  Further  crossings  of  T> 
are  not  counted  until  Pw  is  less  than  Tj.  Termination  of  the  shock  occurs  when  this  happens,  and  the  flag  is  reset.  As  shown 
in  Fig.  8d  this  process  largely  eliminates  the  counting  of  turbulent  fluctuations  as  shock  waves. 

Distributions  of  fr  using  this  approach  are  shown  in  Fig.  9a  for  cylinder  flows  at  Mach  5.  fe  is  a  maximum  at  •)  ==  0.5 
in  both  cases;  about  1.6  kHz  for  D  =:  1.27  cm  and  about  1.2  kHz  for  D  =  1.91  cm.  These  values  are  indicated  by  arrows 
labelled  TTM  on  their  corresponding  power  spectra  in  Fig.  9b  and  fall  close  to  the  center  frequency  of  the  spectrum.  Narlo 
(1986)  also  calculated  fe  using  the  single  threshold  method.  These  values  are  indicated  by  arrows  labelled  STM  in  Fig  9b 
and.  consistent  with  the  ramp  results  mentioned  earlier,  are  significantly  higher  than  the  center  frequency.  The  two-threshold 
algorithm  was  also  used  by  Dolling  and  Narlo  in  Mach  3  blunt  fin  flows.  With  only  a  few  measurement  stations  in  the 
intermittent  zone  neither  the  distribution  of  /-  or  (/•)„«,  could  be  defined  very  accurately.  For  D  =  1.27  cm  and  2.54  cm 
ifr) max  was  estimated  to  be  about  1  kHz  ami  0.7  kHz.  respectively.  Again,  these  values  fell  close  to  the  power  specira  center 
frequencies  (curves  6  and  7,  Fig.  7). 
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Figure  9.  (a)  Shock  zero  crossing  frequency  as  a  function  of  7. 
fh)  power  spectra  at  7  0.5  (rv)iji«lers  at  Mach  5) 


Figure  10:  Sensitivity  of  shock  zero  crossing  frequency  to 
threshold  settings 


However,  this  algorithm  introduces  a  new  problem.  If  two 
shock  passages  are  closely  spaced  Pr  may  not  fall  below  P , 
before  increasing  again,  and  the  flag  is  not  reset.  Two  shock 
passages  are  then  counted  as  only  one.  To  examine  this,  and 
also  assess  the  sensitivity  of  fc  to  the  threshold  settings.  T\ 
and  T-i  were  systematically  varied.  First,  with  T\  ~  P0.  7j  was 
varied  through  a  series  of  values  given  by  /,^+nrrpo,  3  <  tj  <  9. 
Xext.  Tj  was  increased  to  P0  +  3 apQ  and  T2  varied  as  before. 
With  this  higher  value  of  T,,  Pu.  only  has  to  fall  back  within 
the  range  of  the  turbulent  boundary  layer  in  order  to  reset 
the  shock  counter,  whereas  with  Ti  =  P„  the  pressure  must 
decrease  to  below  the  mean  value,  borne  typical  results  at 
7  ss  0.2  and  0.5  are  shown  in  Fig.  10.  Al  low  7,  when  rela¬ 
tively  long  periods  of  undisturbed  boundary  layer  flow  occur 
between  successive  shock  passages,  the  choice  of  T\  is  less 
critical  than  at  higher  7.  Also,  at  higher  values  of  when 
Tt  =  P P  +  3 (Tp0,  T>  must  be  set  significantly  higher  in  order 
to  avoid  turbulent  fluctuations  being  counts!  as  shock  waves 
(i.e.,  if  Ti  and  T2  are  too  close  the  method  becomes  similar  to 
a  single  threshold  method  and  has  similar  problems).  If  Tj  is 
set  '&apo  above  T,  or  higher.  fc  is  then  relatively  insensitive  to 
further  increases  in  T». 

It  is  evident  that  although  cannot  be  pinpointed  pre¬ 
cisely.  it  can  be  bracketed  within  a  narrow  range.  The  lower 
boundary  of  the  range  corresponds  to  Ti  =  P,..  T>  =  P..  - 
\.havo  since*  this  requires  that  F\.  fall  below  P  brtwee*n  shock 
waves.  The  upper  boundary  is  set  by  Tt  -  +  3/7 p„.  T,  - 

P„  +  Gap ...  With  tlies<*  as  bounds.  /,  is  in  the  range*  0.55  -  O.fia 
kHz  for  at  7  %  0.2.  At  the  higher  - .  the  variation  is  larger. 
1.2  1.5  kHz. 

In  summary,  results  from  single  threshold  methods  give 
unrealistically  high  estimates  of  /, .  The  two-threshold  result  > 
are  more*  representative  and  show  that  with  physically  s<Mi<i KU* 
chokes  of  T,  and  T>.  fr  can  be*  bracketed  within  a  fairly  narrow 
range*.  Quantitatively,  ihr  values  of  ( /.),„„*  from  tin*  uv<»- 
threshold  algorithm  ce>rrr)ate*  reasonably  well  with  ill*-  ‘•pec 

trum  center  frequency  suggesting  either  technique  could 
used  to  estimate  the  maximum  zero  crossing  frequency.  How 
ever,  statistical  information  concerning  T,  and  /,  can  only  hr 
provided  by  the  algorithm. 

4.2.4  Space-Time  Correlations/Shock  Velocities  in 
Intermittent  Region 

Longitudinal  space-time  correlations  /?pp(£.r)  calculated  by 
Muck  et  al.  (1985)  in  a  Mach  3.  24°compressiou  ramp  flow 
are  shown  in  Fig.  11.  The  spacing,  between  transducers 
varied  from  0.23-0.69  F>„  although  only  curves  for  the  smaller 
value  are  shown  here.  The  case  X/60  =  -2.1*.  ^ / A.,  =  0.23 
has  the  upstream  transducer  at  (it/*  )max  ami  shows  the  fea¬ 
tures  of  such  correlations  and  the  difficulties  of  interpretation. 
One  source  of  difficulty  is  that  two  different  physical  phenom¬ 
ena  occur  together.  There  is  shock  motion  in  the  upstream 
and  downstream  directions  superposed  on  convective  trans¬ 
port  of  turbulent  eddies  largely  in  the  downstream  direction 
only.  This  leans  to  difficulties  in  interpreting  the  values  of  r 
at  which  maxima  in  Rpp  occur. 
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I  he  correlation  at  \/<\,  =  2.l!S  has  two  maxima;  one  . » ! 

r  x:  til)  {is  and  one  at  r%  +  K)  /i.v  1  he  lai  tei  corresponds  to 
turbulent  eddy  convection  downstream.  This  is  evident  from 
correlations  in  the  incoming  boundary  layer  (big.  3.  Murk  el 
ai..  1986/  since  the  maximum  in  R}. v  is  at  the  same  positive  r. 

It  was  suggested  that  the  maximum  at  negative  r  is  "prohabi\ 
due  to  the  shock  motion”.  This  has  been  confirmed  by  Baade 
and  Dolling  (1987).  in  this  case,  correlations  were  performed 
on  the  original  ignals.  the  box  cars  obtained  from  the  two- 
threshold  algorithm,  and  a  set  of  mode]  signals.  [  lie  modi  1 
signals  were  either  “nested"  square  waves  (as  would  he  gen 
erated  nv  the  algorithm)  with  variable  rise  and  fail  times.  7'.. 
and  Tt  (Tig.  I *2 a)  or  "sequential"  square  waves  with  the  delay 
time,  T,i  fixed  for  a  given  pair  ol  waves  but  varying  through 
the  signal  (Fig.  12b/.  These  tivo  signals  have  different  >  rus> 
Figu-ell:  Longitudinal  C|*ar«-t.inie  correlations  in  intermittent  correlations  with  different  physical  interpretations.  for  the 

region;  couq  -ession  ranip  at  Marh  3  nested  waves,  maxima  in  Rn  occur  at  values  of  r  dose  to 

minima  in  T,  and  Tj  (Fig.  12c)  and  no;  at  an  average  (or  broadband)  value  of  T{  as  occurs  for  the  sequential  signals  thu?.  i  —  • !  • 
Tt*.;s.  although  cr  ; relations  of  the  box-car  signals  from  the  I  I  M  reveal  a  maximum  in  at  posit iv  •  -  which  currespou.is 
to  downstream  motion  of  the  shock  wave,  in  addition  to  a  maximum  at  negative  r  corresponding  to  upstream  motion,  the 
shock  speeds  calculated  from  these  values  of  r  and  £  are  essentially  maximum  values,  not  broadband  values. 


In  the  Mach  5  cylinder  interactions  the  maximum  up 
stream  and  downstream  shock  speeds  deduced  from  the  l»«.v 
tats  Wen  about  the  same  1, 2s  1U0  Ill/s}  and  independent  ot 
position  in  the  intermittent  region.  In  the  Marh  5  facilit;,.  1  «*»i 
m/s  is  about  0.11  l\  .  At  Mach  3.  only  cross- rorreUt  .on*  <■' 
the  original  signals  were  made.  Since  the  shock  induct  d  flue 
t nations  are  also  nested  then  the  maximum  in  at  negative 
r  is  also  heavily  weighted  towards  the  minimum  T,  i  maximum 
upstream  velocity/  rather  than  the  broadband  value.  |‘;j<he;. 
correlations  on  the  entire  signal  resul'  in  a  s-ona-what  higher 
r  (and  smaller  maximum  velocity)  than  on  the  o»rt« sp. rV.eg 
box  cars.  Hearing  this  in  mind,  for  a  spacing  of  It. 2V  i  >  7 
ttttn.l  the  tn.o:i::uiii:  tit  Ji;l  :tl  .t  r  of  >>»  ft .  co/re.-p.  ■«'.  - 
92  m/s  (as  ft.  1  tr  /. 

Andreopoulos  and  Muck  ( 1986.1  identihed  indiuduai  pair' 
of  nested  box-cars  from  ihe  2-lucompre>su>n  ramp  flow  and 
performed  statistics  on  T.  and  T.  l'h«*  objective  i\a-  '■< 
culato  the  probability  distribution  for  the  shock  speed  fu;»  Me- 
stmll  number  of  samples  (only  05)  precluded  an  a«  i  ur.v’e 
suit.  I'he  calculated  speeds  ranged  from  ll.ll."  wnh 

a  mean  of  about  0.1‘;  l\ .  I  pstrearn  and  downsi.  am  '*•<„  k 
speeds  were  about  the  same  order.  Baade  and  Dolling  a-.-.i 


same  .tppto.e  h  HI  the  Macf,  5  cylinder  flows.  In  this  c.ee  the  I  Wo-t  llfeshohl  algorithm  was  used  In  generate  the  b.,\ 
car  sigii.it  end  i»f  nv  t» i v «*ri  station,  up  <o  700  pairs  of  nest  j  box  cars  were  examined.  l'pstream  and  downs* nvim  di«»* n 
speeds  were  again  found  to  he  he  same  but  tie*  average  values  were  siibstant ialiy  lower.  about  ti.iMi  tj.|)7  r  Frol.  .  1 . ; 1 1 1 \ 
dist ribuho'  of  t  he  shock  speeds  in  1>» »t h  direr  t  ions  are  shown  it:  In.*.  13.  (  ,  is  t lie  shock  speed,  ,V  i>  the  imiober  of  o> «  urti'in 
if  a  g .'eii  \elo«  itv  and  .V/  is  t  lie  total  number  <»!  events.  [:  pos.ibj,*  that  this  d|s<  rrpanev  i-  partly  <lue  t .  >  i|je  smaller 

number  ..f  samples  in  tfie  ramp  <' udy  but  it  con'd  also  i«r  due  t in-  use  of  a  single  l  hre.-diohi  algorithm  generate  -i. 

bo\  •  ars  vv  it  h  biases  Tie  tesij |t s  f0  shorter  times  and  hence  higher  velocities.  I  urtlier  at  tins  stage  them  ...  i < 
is  'line  that  is  an  appropriate  nor-iah/er.  l-.ven  s..  it  -s  .•  ;.-ar  that  m  two  different  fh-ws  t lie  'ho.  k  .m-n;-  i.ol . 

’I.esai:  in  bothiiu’e*  ion  a. id  .ir  *  »  .ir-dl  fr;n t i- -:i  "f  /  .  satisfactory  explanation  for  tin-  m-oilt  . i . ■ . 


s-i: 


Kmur*-  13.  -lt-i rilaitnais  for  shock  speeds  m 

uj>st r^-iiii  and  .!■  •.vii'si r-'tni  i-ii.s  \  {iini^rs  hi  •> 


Andreopoulos  and  Murk  argued  that  the  shock  velocities 
are  the  same  order  as  velocity  lluct nations  in  the  flow  held 
and  this  result  “represents  further  evidence  that  flu-  turbu¬ 
lence  of  the  incoming  boundary  layer  is  largely  responsible  for 
the  shock  wave  motion. “  However,  the  shock  is  an  interface 
and  propagates  with  respect  to  the  fluid  at  a  velocity  which 
depends  on  the  upstream  and  downstream  conditions  and  may 
be  independent  of  velocity  fluctuations.  Hence,  this  is  a  ques¬ 
tionable  conclusion  at  this  stage  arid  is  not  supported  by  the 
results  of  Iran  (1980)  obtained  using  the  VITA  technique 
(Variable  Interval  l  ime  Averaging).  Iran’s  work  was  done  m 
ilie  same  Math  3  blowdown  facility  but  with  a  20°<omp.  . 

ramp.  One  transducer  was  piacrd  on  the  upstream  influeme 
line  and  the  other  further  upstream  in  the  incoming  boundary 
layer.  I  he  upstream  channel  was  user!  as  a  trigger  and  sam¬ 
pling  was  carried  out  on  the  downstream  one.  1  !u*  threshold 
setting  (wiiich  determines  if  an  ‘event'  has  occurred!  was  fixed 
and  integration  times  were  varied  from  Kips  to  trips.  Tin*  lat 
ter  had  little  effect  on  the  magnitude  of  tin*  downstream  sig 
nals.  I  ran  found  little  correlation  between  events  detected  on 
the  upstream  channel  and  the  shock-induced  pressure  pulses 
on  I  hr  downstream  channel.  f'!o.*c  observation  showed  that 
“in  many  instances,  the  details  of  the  pressure  Hurt  nations  of 
the  upstream  signal  were  preserved  at  the  downstream  station 
at  a  time  delay  corresponding  approximately  to  » lj.*  time  that 
it  would  take  for  the  large-scale  structur**  to  travel  between  the 
two  stations. "  Iran  concluded  that  the  pressure  pulses  ii,  the 
intermittent  region  were  independent  of  the  large-scale  -true 
lures  in  the  upstream  boundary  layer  which  a*e  converted  ini., 
i lie  interaction. 

4.2.5  Separated  Region 

At  5  or  j  usi  downstream  <■!  it.  tie-  Hurt  nation  uiuplit  m  :<•  ei- 
tribulioiis  ;ue  again  essentially  (lausdan.  If  the  sepat- •  -p 
length  is  larg*- eno>u!li.  both  /’..  and  rr,  rea«  h  constant  plateau 


levels  jehyu  and  llaniy  ■  I'Mi'h.  Cor  et  al.  I  l!»73l].  (  outpaced  to  the  undisturbed  attached  flow,  both  n.,  and  are 

significant  lv  higher  1. on  git  ndinal  space- time  correlations  for  t  lie  Mach  3.  2 1  'ramp  are  shown  in  fig.  I  I .  In  t  his  <  use.  f  lie  «*xl  ent 
of  separation  was  relatively  small,  and  the  flow  undergoes  a  continuous  compression  from  separation  through  reattachmem 
/?,,,, is  .significant Jy  less  than  in  the  upstream  attached  How.  and  decreases  much  more  rapidly  with  transducer  separation 
distance  suggesting  a  stronger  contribution  from  high  frequency  ti.e..  less  correlated)  fluctuations.  An  obvious  feature  is  tin* 
double  peak  shape.  However,  the  reasons  for  the  second  small  peak  al  the  larger  positive  r  are  not  clear,  hstimates  of  the 
broadband  convection  velocity  from  tin*  first  maxima  at.  positive  r  gives  a  value  of  O.bf  x.  or  U.8( ,.  where  l  .  is  the  local 
freest  ream  velocity  (deduced  assuming  a  I0°deflectioii  through  the  separation  shock).  1  his  agrees  well  with  attached  flow 
n -suits.  Although  reverse  How  occurs,  the  llueluations  are  much  more  highly  correlate.  1  .n  the  streamwise  direction,  and 
•  tldii-s  moving  .lowustream  ar<*  tin*  major  contributors.  I* or  the  closest  spacing,  a  peak  is  just  discernible  at  r  si  1  Uti/x - 
but  HpP  is  low  and  of  limited  accuracy  Assuming  that  it  reflects  a  physical  feature  present  in  the  How.  it  «orrespuiul>  t«» 
an  upstream  convection  velocrtv  of  about  bb  m/s  which  i.--  within  a  few  percent  of  tin*  maximum  rever-ed  flow  velocities 
measured  bv  Settles  et  al.  (H»7ti). 
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( ‘orrol.it  iim-  furl  Imm  downs*  re,»m  i.Mmkei  al..  I  !*s7  •  -diow 
that  the  maximum  correlation  al  po-n»ive  r  men  .>•■«>.  and 
the  maximum  at  •■egalive  r  disappear*.  It  appe.us  that  rm, 
vective  phenomeiui  dominate  :u  the  separated  How.  I'niivn 
tioii  velorit jes  at  different  reparation'  were  tin*  same  within 
the  temporal  resolution  of  the  experiment.  Sp.inwi-c  vi.-m 
lat  ions  were  -viiunelric  about  tin*  "  ~  0  a\i-  wiih  a  pork 
correlation  coefficient  of  aboi!*  0.1.  lints.  ’  he  eddies  all  :i-a 
strongly  Correlated  -qiamvise  and  the  1 1 me  average* i  flow  *  an 
be  regarded  as  uniform.  I  hese  eb*erva lions-  an*  in  Im-u  wgfee 
ntetit  with  the  work  of  (  oe  el  ai  t  l 1  *7 A > .  N’aitow  b.md  ton 
veclion  veoi'itier  detrt  mined  ill  til**  separat'd  .low  up-Meam 
of  a  lb ‘axisviiiMi*  t  ru  flare  at  Mach  2  vaiied  from  0  2l  .  iat 
TVT.  ii.m.)  i-i ..  iiuxiumiii  nf  alioiit  tl.'/  ,  i,d  I  ~  it. >  i 
I  p%f  ream  »  nifi  er  non  wa-  not  detected  l  leariv.  broad  1  ■;< 1 1« t 
velocities  cannot  be  considered  reoresetit  at  ive  and  tin*  vana 
t  ton  w it  It  frequenev  implies  “that  t  lie  ptedoitiiiMiit  \  iibueri.  e 
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at  different  frequencies  between  0.03  <  fbfU&  <  0.8  is  generated  at  different  levels  of  the  boundary  layer,  ranging  from 
dightiy  above  the  zero  velocity  line  to  the  free  shear  layer.” 

Roos  ( 1980)  obtained  similar  correlations  in  studies  of  transonic  airfoil  buffeting.  For  fully  separated  flow  frum  the  shock 
to  the  trailing  edge,  peak  time  delays  were  positive,  indicative  of  disturbances  moving  downstream.  By  band-pass  filtering 
before  cross-correlation,  the  frequency  dependence  of  the  convection  speeds  was  established.  The  results  were  similar  to  those 
of  Coe  et  al.  A  more  complex  disturbance  propagation  pattern  was  found  when  shock-induced  separation  was  V.llowed  by 
reattachment.  The  cross- correlations  show  upstream  and  downstream  propagation  of  disturbances,  indicative  of  acoustic  and 
convective  modes. 

Coe  et  al.  tried  to  determine  the  extent  of  the  interaction  between  the  shock  oscillation  and  pressure  fluctuations  in  the 
separated  flow  by  simultaneously  sampling  the  signals  in  both  regions  and  calculating  correlations  and  coherence  functions. 
The  results  sh-..»ed  that  the  fluctuations  were  related  only  at  low  frequencies,  jb / U.^  <  0.04  (in  this  case  JUU  Hz).  The 
coherence  at  these  low  frequencies  decreased  rapidly  downstream  of  the  shock,  but  a  coherence  of  about  0.2  persist ed  well 
into  the  separated  region.  Negative  phase  angles  showed  that  the  convection  of  the  mean  related  turbulence  was  upstream, 
indicating  that  at  low  frequencies  turbulence  in  the  separated  flow  has  a  strong  influence  on  the  shock  oscillation. 

4.2.6  Reattachnient  and  Outgoing  Boundary  Layer 

There  exist  few  data  near  reattachment  or  in  the  outgoing  boundary  layer,  largely  because  of  tunnel  constraints.  Models 
such  as  compression  ramps  have  to  be  long  enough  to  avoid  trailing-edge  effects  on  reattachment,  but  short  enough  to  avoid 
tunnel  blockage.  Generally  outgoing  boundary- layer  lengths  are  short.  In  compression  ramp  flows  o’pfP^,  increases  towards 
reattachment.  Chyu  and  Hanly  (1969)  report  the  same  behavior  in  axisyminetric  flare  studies,  although  these  data  must  be 
interpreted  with  caution  since  the  cut-off  frequency  was  low.  Downstream  of  R ,  a p  progressively  decreases,  and  continues  to 
do  so  after  PI4.  reaches  a  constant  value.  The  slow  readjustment  is  seen  in  the  skewness  and  flatness  coefficients.  The  skewness 
passes  through  zero  about  from  the  corner:  close  to  where  Pu,  becomes  constant.  It  then  decreases  and  levels  off  al  around 
0.2.  It  is  difficult  to  judge  whether  it  remains  constant  or  increases  slowly  back  to  zero.  The  results  for  the  flatness  are 
equally  confusing.  At  the  downstream  boundary  of  the  measurement  region,  the  value  is  about  3  and  apparently  increasing. 
The  power  spectra  (Murphy,  1983)  are  suggestive  of  some  unusual  features  in  the  outgoing  boundary  layer.  Downstream  of 
/?,  a  '‘bulge”  developed  in  the  spectrum:  at  the  fur*h**st.  downstream  station,  it  spanned  the  range  ">-12  kHz.  corresponding 
to  energetic  structures  of  strearmvise  extent  about  '26 0. 

Selig  et  al.  (1986)  made  simultaneous  wall  pressure  and  mass  flux  measurements  in  the  same  compression  ramp  flow 
Although  correlations  between  the  two  signals  were  low  and  appeared  to  dominated  by  tunnel  noise,  the  mass  flux  niea 
sure  men  ts  revealed  some  interesting  results.  From  the  wall  to  close  to  the  middle  of  the  boundary  layer,  probability  density 
distributions  centered  around  a  single  value  equal  to  the  incoming  freestream  mass  flux,  further  out  than  the  middle  of  the 
boundary  layer,  the  distribution  centered  around  a  single  value  equal  to  the  mass  flux  downstream  of  the  interaction.  In  the 
middle,  the  distributions  were  bi. nodal,  indicative  of  an  intermittent  signal  with  peaks  at  both  values.  Similar  findings  have 
been  repotted  by  Jlayakawa  ei  al.  U9S-I).  Selig  et  al.  suggest  that  this  might  be  caused  either  by  Ta»  lor-Goriler  vortices  or 
low  speed  eruptions  from  the  separation  bubble  and  surest  that  the  latter  the  more  likely  cause.  In  support,  they  cite 
tin*  microsecond  schlieren  photographs  of  Ardonceau  i  )9>1)  which  appear  to  show  a  "quasi- periodic"'  vortex  -heel  emerging 
from  the  separated  flow  and  travelling  downstream. 

These  observations  agree  qualitatively  with  the  turbulence  measurements  of  l.ee  (1979).  Delery  (19s:))  and  Ardonceau 
(198-1).  Lee  made  constant-temperature  hot-wire  measurements  in  8°,  I3°and  ^“compression  ramp  flows  at  \IX  =  2  2V 
The  maxima  in  the  power  spectra  were  located  near  25  kHz  belore  and  after  the  interaction,  inferring  large-scale  structures 
of  0(26.,]  in  extent  in  both  cases.  Some  evidence  of  unsteadiness  also  was  noted.  'I  he  profiles  close  to  the  wall  downstream 
of  the  interaction  exhibited  an  intense  peak  around  1-10  kHz:  assuming  that  transport  phenomena  are  responsible,  this 
corresponds  to  flow  structures  up  to  5<s  in  extent.  Lee  concluded  that  this  was  not  turbulence,  but  rather  was  due  to  a  "a 
global  displacement  of  the  boundary  layer  linked  with  tin*  separation  instability." 

Delery  used  a  laser  vehx  imeter  in  shock- inducer!  separated  flow  in  a  2  1)  transonic  channel.  The  downstream  relaxation 
to  a  new  equilibrium  state  was  very  gradual  due  to  the  long  lifetime  of  the  large  structures  in  the  outgoing  flow  which  formed 
near  the  shock  root,  a  region  of  intense  turbulence  production.  Ardonceau  made  turbulence  measurements  in  the  same  flows 
as  Lee.  using  a  laser  vrlocimeter  and  a  constant  temperature  hot  wire.  It  was  concluded  that  a  large  amount  of  turbulent 
energy  was  contained  in  large-scale  structures.  A  typical  scale  is  2b  in  the  stream  direction  and  l/>  spanwise.  As  Lee's  more 
qualitative  work  had  suggested,  these  structures  do  not  lose  their  coherence  during  the  interaction  with  the  mean  velocity 
field.  Spanwise  correlations  showed  a  pattern  of  turbulent  structures,  with  contiguous  counter-  rotating  vortices.  This  agree* 
with  the  flow  visualisation  studies  of  Settles  but  contrasts  with  the  work  of  Selig  et  al. 

4.3  Three-Dimensional  Flow 

4.3.1  Introductory  Remarks 

Far  fewer  experiments  h*ve  been  made  in  3  I)  flows,  and  the  data  are  more  difficult  to  interpret  since  the  boundary  laser 
can  be  highly  skewed.  Tin*  majority  of  the  data  are  in  shock -wave  boundary  layer  interactions.  These  include  Mows  induced 
by  sharp  fins  at  angle  of  attack  [Tran.  (1986.1.  Tan  et.  al..  (1985).  I  ran  et  al..  (1985))  or  by  hemicylindricaliy  blunted  fins 
[Dolling  and  Bogdonolf.  (1981).  Dolling  and  Narlo.  U9S7){  or  by  circular  cylinders  and  protuberances  (Robertson,  (1969). 
\  1971 ).  \ar!o.  I  19K6i.  Dolling  and  Narlo.  (19S7)]  Some  additional  ui  published  work  in  swept  compression  ramp  flows  and 
flows  induced  by  semi  cones  adjacent  to  a  Hat  surface  is  cited  by  Tran.  (1986). 
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4.3.2  Blunt  Fin  and  Cylinder  Interactions 


These  two  flows  have  much  in  common.  The  boundary  layer  separates,  about  two  diameters  upstream  of  the  leading  edge,  and 
then  roils  up  into  a  vortical  structure  which  develops  spanwise  and  rearward  as  a  horseshoe  vortex  system  (as  in  incompressible 
flow).  This  structure  gives  rise  to  the  characteristic  double-peaked  center  line  mean  pressure  distribution.  The  streamwise 
scale  of  the  flow  field  (and  flow  spanwise  development)  depends  largely  on  D ,  and  only  weakly  on  b  [Dolling  and  Bogdonoff, 
(1952)]. 

Between  X0  and  S,  the  pressure  signal  is  intermittent  as  in  2-D  flows  and  op  increases  rapidly,  with  a  maximum  upstream 
of  S.  The  magnitude  of  (opjau*  decreases  spanwise,  but  not  rapidly,  [Dolling  and  Bogdonoff,  (1981)].  Since  the  length  of  the 
streamwise  region  bounded  by  X0  and  5  scales  with  D,  not  60,  L,  may  be  a  fraction  of  ba  to  several  60.  dependent  on  D. 
Thus,  the  length  scale  of  the  shock  motion  can  vary  substantially  in  a  given  boundary  layer. 

Distributions  of  fe  aa  a  function  of  7  for  Mach  5  cylinder  flows  were  shown  earlier  in  Fig.  9.  The  distributions  for  both 
cylinders  are  similar  in  shape  but  have  different  maxima;  as  noted  earlier  for  the  1.27  cm  and  1.90  cm  cases  it  is  approximately 
1.6  and  1.2  kHz,  resp<  ively.  This  suggests  that  the  shock  motion  is  in  some  way  influenced  by  the  downstream  separated 
flow  dynamics  since  the  incoming  flow  conditions  are  constant,  and  only  the  cylinder  diameter  is  changed.  The  maximum 
frequencies  are  low;  more  than  two  orders  of  magnitude  less  than  a  typical  large  eddy  frequency,  l  ^(b0  (  %  120  kHz).  Similar 
low  frequencies  are  reported  in  blunt  fin  flows  at  Mach  3  (Dolling  and  Narlo,  1987). 

Probability  distributions  for  the  shock  wave  period  calculated  using  the  two-threshold  algorithm  are  highly  skewed  with 
the  mean  period  about  twice  the  most  probable  value.  Some  typical  results  at  7  ~  0  5  are  shown  in  Figure  15.  I  he 
distribution  for  the  smaller  diameter  cylinder  has  a  higher  probability  for  shorter  periods  and  vice-versa.  An  interesting 
feature  is  that,  although  the  mean  period  is  a  function  of  7  (for  a  fixed  D)  and  a  function  of  D  (for  a  fixed  7).  the  most 
probable  period  is  approximately  constant  0.4  -  0.5  ms)  at  all  stations  for  both  cylinders.  No  explanation  is  available  to 
explain  this  result. 


Figure  15:  Probability  density  distributions  fur  shock  waw 
p*»nc>d,  Mach  5  cylinder  flows 


In  3-1)  flows,  a  wide  variety  of  separated  flow  structures 
can  exist  depending  on  the  model  geometry,  shock  strength 
and  parameters  such  as  Reynolds  number  and  Ma<  h  number. 
In  blunt  Jin  and  cylinder-induced  flows,  the  qualitative  struc¬ 
ture  ran  best  be  understood  in  terms  of  vortex  systems.  How- 
many  vort  ices  occur  and  their  location  appears  to  be  a  f mu¬ 
tton  of  Reynolds  number,  certain  dimensionless  parameters, 
and  flow  type  (Sedney.  1973).  Since  these  vortices  general*- 
large  streamwise  and  spanwise  pressure  gradients,  it  is  obvious 
that  they  will  play  a  dominate  role  in  the  wall  pressure  fluc¬ 
tuation  behavior.  This  behavior  is  likely  to  he  very  complex 
and  there  are  very  few  results  available, 

4.3.3  Sharp  Fin  Flows 

The  only  known  data  are  those  of  Ian  et  a!.  ( 1985).  I  ran  *-i  al. 
(1985)  and  "Iran  (19i>7).  Tran  iti«ule  detailed  measurement- 
along  a  single  survey  line  in  the  undisturbed  freest  ream  dire* 
tion  for  fin  angles-of -attack  of  1U°.  12°.  l(i°and  20° at  Mach  3. 
Distributions  of  the  normalised  mean  wall  pressure  and  nor¬ 
malised  op  are  shown  in  Figure  *6.  Xs  is  measured  from  the 
inviscid  shock  location.  The  spamvise  location  of  tin- 


transducers  is  shown  in  the  inset.  On  the  figures,  U /'  refers  to  the  upstream  influence  line  and  C  refers  to  the  line  of 
coalescence  of  the  surface  streaks  (generally  considered  as  a  line  of  separation). 

At  °  -  lb-  the  pressure  signals  were  not  intermittent,  were  Gaussian  throughout  the  entire  region  surveyed,  and  the 
distribution  of  op  had  no  discernible  peak.  On  the  basis  of  earlier  work  by  Debieve  and  LaCharme  (1955).  among  others. 
Iran  states  that  this  case  “may  be  viewed  as  reflecting  the  amplification  of  turbulence  through  a  region  of  relatively  mild 
adverse  pressure  gradient  .  With  increased  shock  strength,  the  rise  in  ov  becomes  more  abrupt  anti  a  peak  develops.  It  i> 
just  discernible  at  12°.  1  he  pressure  signals  show  that  this  development  is  associated  with  development  of  an  unsteady  shock 
structure  and  an  intermittent  pressure  signal  develops  the  same  as  m  other  2-D  and  3-D  flows.  The  data  suggests  that  the 
development  of  an  intermittent  pressure  signal  is  associated  with  the  onset  of  separation.  As  in  2-D  flows.  {or)tT.  *•> 

upstream  of  5. ^Similar  to  large-scale  2-1)  separated  flows,  between.  C  and  the  trace  of  the  inviscid  shock,  o  i  lV 

constant  (as  i-  P.t)  I  he  value  depends  on  the  inviscid  shock  strength.  From  extrapolations  of  the  data  i.  Iran 

estimated  that  a  new  equilibrium  value  w*ou)d  be  reached  b  —  7 A,  downstream  of  Hie  mviscin  shock. 

I  sing  a  coordinate  stretching  technique,  which  makes  use  of  the  fact  that  Hie  flow  field  footprint  is  quasi -conical.  Tran 
correlated  the  data  from  sharp  fin.  semi  cone  and  swept  compression  ramp  flows.  For  a  given  inviscid  shock  strength,  varying 
the  geometry  has  little  effect  on  the  distribution  of  P„./P,lo  and  ovjP„  (or  oTjop0).  at  least  from  A'.,  to  the  inviscid  shock 
location  It  appears  Uiat  the  inviscid  shock  strength  is  the  governing  parameter  in  such  interactions,  and  that  the  shock 
location  is  the  reference  point  from  which  comparisons  should  be  made. 
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Power  spectra  at  8  stations  along  the  survey  line  for  a  — 
I6°and  20°have  been  reported  by  Tran.  Both  cases  have  corn 
mon  features.  Between  UI  and  C.  the  shock-induced  fluctua 
tions  are  the  major  contribution  to  op  and  arc  centered  around 
2  kHz  (curves  8  and  9,  Fig.  ?).  At  C\  the  low  frequency  con 
tent  decreases  and  the  higher  frequency  range  increases.  In 
the  plateau  region  of  the  op  distribution,  spectra  have  the 
same  shape  with  the  higher  frequency  range  centered  around 
10  kHz.  Downstream  of  the  inviscid  shock,  the  spectra  relax 
towards  that  of  the  incoming  boundary  layer.  In  t  he  intermit 
tent  region,  these  results  are  qualitatively  the  same  as  in  2-D 
flows,  and  other  3-1)  flows. 

1  he  shock  front  undergoes  much  less  rippling  than  in  2-D 
ramp  Hows.  Space-time  correlations  were  made  by  Iran  along 
“ l  I'  for  both  rases.  Plots  of  the  maxima  of  the  spare  ? .urn- 
correlations  as  a  function  of  transducer  spacing  showed  that 
for  close  spacing*,  the  signals  an*  highly  correlated  for  tin- 
swept  flow:  for  the  ramp,  the  correlation  has  already  dropped 
significantly  at  =  1.  For  larger  sp; icings,  the  correlation 
is  essentially  zero  for  the  ramp,  but  for  the  swept  case  is  still 
relatively  significant  even  at  £//>„  =  3.  The  corresponding 
plots  of  the  coherence  function  showed  that  for  the  swept  *  as<*. 
the  high-frequency  components  phie  to  turbulence!  drop  olf 
rapidly  while  the  low- frequency  components  idue  to  shock 
oscillation)  remain  highly  correlated. 

Iran  also  applied  the  \  1 1 A  technique  near  ,•}?<*  interaction 
start  in  the  sharp  fin  flows.  The  transducer  configuration  was 
similar  to  that  in  the  20°ramp  case  described  earlier:  one  (the 
trigger)  was  in  the  undisturbed  flow  and  the  other  on  the 
upstream  influence  line.  The  same  findings  as  reported  for 
i lie  2-D  flow  were  observed  here. 


figure  Hi  Mean  wall  pressures  ami  rms  •  »f  the  pressure 
flin  t uat imis  in  sharp  fin  fl.»w».  Mach  3 


5  Concluding  Remarks 

In  this  chapter  the  methods  and  difficulties  of  making  fluctuating  wall  pressure  measurements  in  supersonic  flows  have  been 
outlined,  and  some  of  the  results  in  zero  pressure  gradient  and  perturbed  flows  have  been  presented.  No  attempt  is  made  in 
this  section  to  summarize  these  findings  and  the  questions  the\  raise:  rather,  some  brief  general  remarks  are  given. 

As  noted  earlier,  even  for  the  case  of  zero  pressure  gradient  there  are  few,  if  any.  reliable  data  due  largely  to  inadequate 
spatial  resolution.  Within  the  accuracy  of  th<  measurements  it  does  appear  that  the  structure  of  turbulence  in  equilibrium 
supersonic  turbulent  boundary  layers  is  not  significantly  altered  by  compressibility.  To  confirm  this,  detailed  measurements 
are  needed  over  a  range  of  flow  conditions.  Although  the  continuing  miniaturization  of  sensors  and  improvements  in  tin- 
speed  and  resolution  of  signal  processing  hardware  have  made  this  task  less  difficult,  it  is  still  far  from  routine. 

In  perturbed  flows,  most  of  the  measurements  have  been  made  in  shoc  k  wave  turbulent  boundarv  layer  interaction.  Much 
of  the  attention  has  been  on  the  unsteady  separation  process.  In  this  case,  the  relatively  low  frequencies  and  large  stream  wise 
excursion  of  the  separation  shock  have  made  spatial  resolution  and  bandwidth  limitations  less  of  a  problem  and  several  data 
sets  documenting  shock  properties  are  available.  Some  data  in  the  separated  flow  are  available,  but  there  are  very  lew  near 
reattachment  and  in  the  outgoing  boundary  layer.  The  result,  of  this  paucity  of  experiments  is  that  the  basic  information 
needed  for  improving  engineering  prediction  methods  and  for  devising  physically  accurate  numerical  models  is.  in  most  rases, 
lacking.  The  current  poor  understanding  of  the  mechanism(s)  driving  the  separation  shock  motion  is  just  one  example  of  how 
little  is  known.  Bearing  in  mind  the  diversity  of  flows  of  interest,  many  with  complex,  separated  flow  structures  dependent 
on  such  parameters  as  shock  strength.  Mach  and  Reynolds  number,  it  is  clear  that  much  challenging  research  work  remains 
to  be  done. 
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9.  GENERAL  COMMENTS  OK  THE  INTERPRETATION  OF  DATA 


9.1,  Introduction 


In  the  next  chapter  we  discuss  the  mean  flow  for  a  number  of  the  rapidly  distorted  turbulent 
boundary  layers  which  form  the  subject  matter  of  this  AGARDograph.  The  approach  will  follow 
essentially  that  developed  in  AGARDograph  253,  that  is,  the  velocity  profile  material  will  be 
compared  and  contrasted  with  the  wall  and  outer  "laws1*  for  an  equilibrium  zero  pressure 
gradient  boundary  layer.  The  degree  of  disturbance  undergone  in  the  majority  of  the  cases 
studied  here  is  such  that  large  departures  are  to  be  expected,  but  we  have  as  yet  found  no 
other  scaffold  on  which  to  hang,  draw  and  quarter  the  estimable  efforts  of  the  experimental 
research  workers  in  this  field.  Here  we  discuss  some  of  the  more  general  points  which  arise 
when  attempting  to  interpret  the  data. 

Chapters  10,  11  and  12  form  an  extension  of  the  data  compilation  and  survey  of  AGARDog.  i^hs 
223,  253  and  263.  Individual  ENTRIES  will  be  referred  to  by  their  IDENTS  -  without  succeeding 
letter  if  published  in  AG223,  e.g.  CAT7101,  with  a  succeeding  S  if  in  AG263,  e.g.  CAT7802S  and 
with  a  succeeding  T  for  tl  volume.  The  next  two  numbers  in  the  Idents  indicate  the  series 
and  the  next  two  the  profile  numbers.  For  the  most  part,  the  current  12  entries  represent 
flows  subject  to  localised  compression  with  wave  systems  of  greater  or  lesser  complexity.  One 
case  however  describes  an  expansion,  and  another  a  ZPG  flow.  The  entries  are  listed  in 
arbitrary  numerical  order  below  (Table  9.1.1). 


Table  9.1. 1. 

List  of  ENTRIES  in  chapter  12. 


ENTRY  IDENT 

Mach 

R  THETA 

Type  of  flow 

First  author 

range 

range 

Principal  data 

7904T 

Settles 

2.9 

80k 

Compression  corner  flows,  8°  -  24° 

PT2,  P,  TO  profiles.  Preston  tube  CF. 

8002T 

Delery 

1.4 

4k 

Quasi-normal  shock  on  bump 

LDV,  mean  flow,  u‘ ,  v‘  and  u' v' . 

8003'T 

Copy 

1.2- 

1.45 

2-3k 

Quasi-norraal  shock  on  bumps 

LDV,  mean  flow,  u'  ,  v'  ,  and  u'  v'  . 

830  IT 

Debieve 

2.3 

4k 

Compression  corner  flow,  6° 

PT2,  P,  TO  profiles.  P'  at  wall. 

840  IT 

Taylor 

2.9 

80  k 

Curved  compression  surfaces 

PT2,  P,  TO  profiles.  Preston  tube  CF. 

8402T 

Ardonceau 

2.25 

7k 

Compression  corner  flows,  8°  -  18° 

LDV,  mean  flow,  u'  ,  v‘  ,  u‘  v’  , 

PT2  profiles,  normal  HWP 

8501T 

Liu 

0.9- 

1.8 

16k 

Quasi-normal  shock  on  bumps,  flat  wall 
PT2  profiles,  interferometer. 

860  IT 

Fernando 

2.9 

80k 

Flat  wall  APG  matching  8401T02 

PT2,  P,  TO  profiles.  Preston  tube  CF. 
Normal  HWP. 

8602T 

Dussauge 

1.8 

5k 

Centred  expansion,  12°. 

PT2,  TO  profiles.  Normal  HWP. 

8603T 

Spina 

2.9 

100k 

Zero  pressure  gradient  on  tunnel  wall 
PT2,  P,  TO  profiles*  Preston  CF. 

Normal  and  inclined  HWP. 

870  IT 

Smits 

2.9 

80k 

Compression  corner  flows,  8®  -  24° 
Normal  and  inclined  HWP. 

8702T 

Jayaram 

2.9 

80k 

Curved  compression  surfaces. 

Normal  and  inclined  HWP. 

9.2.  Interpretation  of  data 


9.2.1.  A  note  on  the  nature  of  boundary- layer  profiles 

For  historical  reasons  we  are  inclined  to  think  that  the  immediate  purpose  of  boundary  layer 
studies  is  the  prediction  or  measurement  of  the  velocity  profile,  and  through  this  the  gross 
or  integral  properties  of  the  layer  -  surface  shear  stress,  displacement  effect  etc..  Within 
the  context  of  low-speed  fluid  dynamics  this  is  natural  and  easily  understood  -  the  variation 
of  fluid  properties  is  not  a  significant  factor,  and  the  velocity  profile  effectively  provides 
a  complete  functional  description.  It  is  easy  to  forget,  however,  that  there  is  no  technological 
interest  in  the  velocity  profile  as  such,  or,  indeed,  in  the  boundary  layer  itself,  other  than 
in  its  gross  effects. 

Given  the  "conventional"  approach  to  mean  profile  measurements,  when  the  velocities  are  such 
that  the  variation  of  fluid  properties  is  significant,  it  becomes  very  difficult  to  measure 
the  velocity  profile  -  or  any  other  profile  -  with  confidence  in  any  flow  which  might  reasonably 
be  called  "complex”.  It  is  necessary  to  have  values  of  two  "static"  or  thermodynamic  properties 
and  one  "dynamic"  or  relative  property.  These  are  most  commonly  derived  from  the  values  of  the 
Pitot  pressure,  the  static  pressure  and  the  total  temperature,  though  the  temperature 
information,  often  reasonably,  and  the  static  pressure,  very  much  less  so  in  any  flow  wi I h 
interesting  features,  are  not  infrequently  deduced  from  neighbouring  values  or  a  genera! 
hypothesis. 


Fig.  9.2.1 

Comparison  between  mean  velocities  as  measured 
by  LDV  and  Pitot  tube.  8°  and  13®  CCF  flows. 
Ardonceau  { 1984 ) . 
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The  flows  to  which  our  attention  is  principally  directed  at  present  are  for  the  most  part 
flows  involving  the  "rapid  distortion"  of  boundary  layers  and  shear  layers.  As  yet,  we  do  not 
have  cases  with  significant  heat  transfer  so  that  temperature  measurement  is  not  vital. 

However,  these  flows  are  characterised  by  strong  streamwise  and  normal  pressure  gradients, 
shock-wave  structures  and  the  possibility  of  separated  flow  regions.  The  traditional  Pitot  anti 
static  pressure  measuring  probes  are  likely  to  give  notably  untrustworthy  results  in  flow 
fields  of  this  nature,  while  to  the  great  difficulties  of  using  a  hot-wire  probe  in  any 
compressible  flow  are  added  those  inherent  to  the  use  of  such  probes  in  regions  of  high 
turbulence  and  reversed  mean  or  instantaneous  flow. 

The  advent  of  the  laser-doppler  velocimeter  (LDV  or  LDA)  would  seem  to  overcome  these 
diff iculties.  There  must  remain  problems  arising  from  the  principles  of  operation  of  the 
instrument  -  direct  precise  comparisons  are  rare,  the  usual  evaluation  being  based  on  small 
scale  figures  in  the  literature.  A  direct  comparison  can  be  made  using  the  original  data  of 
Ardonceau  (1981),  CAT8402T,  (data  -  private  communication),  showing  a  likely  systematic 
discrepancy  between  velocities  derived  from  Pitot  measurements  and  the  LDV.  Figure  (9.2.1) 
shows  the  resultant  velocity  measured  by  the  LDV  plotted  against  the  Pitot  derived  velocity. 

The  LDV  values  lie  about  3%  low.  This  is  very  good  agreement,  given  the  difficulties  of  using 
the  instrument,  but  suggests  a  possible  systematic  bias.  It  is  of  interest  that  the  remaining 
set  of  data  for  CAT8402T,  with  an  18*  flow  deflection,  apparently  show  the  laser  as  giving  a 
systematically  high  value.  We  do  not  have  data  which  allow  us  to  make  the  comparison  ourselves. 


The  virtues  of  the  LDV  -  the  non- intrusive  nature,  the  ability  to  resolve  the  sense  of  the 
mean  flow  and  the  ability  to  provide  statistical  information  on  the  fluctuating  velocities  - 
should  not  blind  us  to  the  uncertainties  in  its  use.  There  remain  questions  as  to  the  effects 
of  the  method  and  location  of  seeding  and  the  problem  of  "parasitic"  or  false  returns  in 
addition  to  the  need  for  very  high  frequency  response  in  the  associated  electronic  equipment. 

A  minor  but  at  times  significant  problem  arises  from  the  need  for  a  very  rigid  and  therefore 
heavy  mounting.  The  LDV  is  likely  to  be  mounted  on  a  traverse  gear  orientated  in  relation  to 
the  tunnel  axis.  Users  to  date  seem  to  have  made  traverses  at  constant  (tunnel)  X,  and  thus 
not  perpendicular  to  the  local  flow  direction.  It  may  therefore  be  difficult  to  interpret  the 
results  in  normal  terms.  (See  Brown  et  al. ,  1987,  where  the  misalignment  is  up  to  30°,  so  that 
the  results  can  not  be  simply  presented  in  boundary- layer  axes.) 

Above  all,  we  should  remember  that,  while  the  LDV  gives  us  the  velocity  profile  "directly"  as 
a  result  of  the  "absolute"  manner  of  its  operation,  it  does  not  give  us  a  functionally 
complete  description  of  the  flow  field.  A  determination  of  the  mean  flow  field  will  require, 
in  addition,  pressure  or  density  values,  and,  though  of  less  importance  at  presect,  temperature 
values.  Those  concerned  with  turbulence  modelling  may  well  heave  a  sigh  of  relief  that  at  last 
they  have  relatively  reliable  values  for  the  turbulence  intensities,  but  they  have  not  got  the 
Reynolds  stresses  unless  they  also  have  the  mean  density. 


9.2.2.  The  boundary-layer  edge  state  and  the  influence  of  normal  pressure  gradients 

In  general  a  streamwise  pressure  gradient  in  a  supersonic  flow  is  likely  to  be  accompanied  by 
a  normal  pressure  gradient.  The  properties  of  the  free  stream  outside  the  boundary  layer  may 
well  therefore  be  functions  of  the  normal  coordinate  Y  (AG  253  Ch.6).  It  then  becomes 
impossible  to  use  any  directly  measured  quantity  as  the  basis  for  a  decision  on  the  boundary- 
layer  edge  or  "D-state".  If  the  free  stream  adjacent  to  the  edge  is  irrotational  the  edge 
state  may  be  defined  logically  in  terms  of  a  total  pressure  deficit,  and  this  (or  implicitly, 
entropy)  is  the  only  mean  flow  property  which  can  be  so  used  (AG  253  §  7.1).  Unfortunately,  in 
supersonic  flow,  it  is  a  derived  property,  so  that  no  choice  can  be  made  until  initial  data 
processing  is  complete.  If  turbulence  measurements  become  general,  then  there  may  be  alternative 
rational  definitions  in  terras  of  int ermi t tency  or  approach  to  free-stream  turbulence  levels, 
and  criteria  of  this  nature  would  have  the  advantage  that  they  could  be  used  properly  in 
rotational  flows. 

The  boundary- layer  edge  can  not  be  found  with  precision  in  any  case  if  a  deficit  criterion  is 
used,  as  unless  the  deficit  is  large  the  gradient  of  the  chosen  property  is  by  definition 
small  in  the  edge  region.  The  boundary- layer  thickness  should  not  therefore  be  used  as  a 
scaling  length.  In  the  presence  of  normal  pressure  gradients,  it  is  not  even  possible  to 
define  integral  length  scales  with  any  precision,  in  part  for  the  lack  of  a  suitable 
reference  flow,  but  more  generally  because,  with  the  exception  of  the  displacement  thickness, 
the  integral  scales  have  no  direct  physical  interpretation  (AG  253  §  7.5). 

Edge  properties  are  commonly  used  in  the  formation  of  dimensionless  quantities  for  data 
oresentation.  We  are  accustomed  to  think  of  most  profile  quantities  in  relation  to  the  free 
stream  value,  and  throughout  the  data  compilation  project  we  have  provided  data  in  this  form. 
While  wherever  possible  we  base  our  choice  on  the  PO  variation,  the  D-state  properties  should 
in  general  be  regarded  as  arbitrary  scaling  quantities  intended  to  represent  an  edge  state, 
not  necessarily  with  success.  In  particular,  it  can  be  difficult  to  transfer  wall-friction 
data  as  CF  changes  with  the  choice  of  reference  properties,  and  it  is  good  practice  to  state 
the  shear  stress  directly.  We  tend  to  think  of  wall  shear  as  "high"  or  "low"  in  terms  of  the 
coefficient  value.  (In  a  20°  compression  corner  at  M  =  3,  CF  based  on  an  edge  state  behind 
the  shock  would  take  more  than  double  the  value  it  would  have  if  based  on  the  free  stream 
ahead  of  the  shock.) 


9.2. 3 . _ Effect  of  edge-state  choice  on  the  transformation. 

The  survey  and  comparisons  made  in  AG  253,  263,  and  in  chapter  10  below  are  all  related  to  the 
incompressible  form  of  the  log-law.  The  profile  in  compressible  flow  is  converted  into  an 
"equivalent  incompressible  profile"  by  the  "transformation" 
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This  result  embodies  essentially  the  same  assumptions  as  the  derivation  of  the  law  of  the  wall 
in  incompressible  flow,  with  allowance  made  for  the  variation  of  density.  It  might  therefore 
be  expected  to  yield  a  log- law  profile  over  broadly  the  same  range  of  conditions  as  in  the  low 
speed  case. 

We  have  in  general  made  use  of  the  "Van  Driest  transformation" 
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which  contains  edge  state  properties  which  do  not  cancel  out.  This  form  of  the  transformat ion 
is  further  restricted  by  the  incorporation  oi  the  Crccco  temper-ature-veloci  ty  correlation,  but 
our  purpose  here  is  not  to  demonstrate  a  correct  result  but  rather  to  show  the  sensitivity  of 
the  transformation  to  the  choice  of  edge  state. 

In  a  flow  without  normal  pressure  gradients,  the  free  stream  properties  do  not  vary  with  Y, 
and  the  edge  state,  if  taken  far  enough  out,  does  not  vary.  Consequently,  there  is  no  problem. 

To  demonstrate  the  efieci  when  there  is  a  normal  gradient,  we  ha,rc  performed  a  numerical 
experiment,  using  the  data  from  the  curved  ramp  experiments  of  Taylor,  CAT8401T.  Figure  (9.2.2) 
shows  the  effect  of  choosing  D-state  points  at  various  measurement  stations  outside  the 
boundary  layer  edge  (as  determined  from  an  inspection  of  the  total  pressure  profile).  The 
uppermost  profile  is  that  using  the  "best  estimate"  edge  point,  and  for  our  present  purpose, 
no  particular  significance  should  be  placed  on  the  fact  that  it  does  not  agree  very  well  with 
the  wall  law.  The  compression  wave  from  the  curved  ramp  here  extends  from  the  outer  part  of 
the  layer  into  the  free  stream,  so  that  as  edge  points  are  progressively  chosen  further  out, 
the  pressure,  temperature,  and  density  are  falling  while  the  velocity  rises.  The  data  are 
plotted  in  full  for  the  curve  obtained  using  the  innermost  and  outermost  edge  points,  the 
locus  for  selected  points  being  shown  for  the  intermediate  curves.  It  is  unlikely  that  an 
intelligent  researcher  would  go  out  as  far  as  we  have  here,  but  the  possible  effect  is  clearly 
demonstrated.  It  is  apparent  that  a  poor  fit  to  the  wall  law  can  result  from  an  ill-advised 
choice  of  D-state,  independently  of  the  accuracy  of  wall  shear-stress  measurement. 

If  the  D  state  is  taken  too  far  in,  the  change  of  state  due  to  the  boundary  layer  does  not 
compensate,  as  is  shown  by  figure  (9.2.3),  where  the  bottom  curve  represents  data  using  a 
"sensible"  PO  based  edge  state  and  the  successive  higher  curves  result  fom  taking  the  edge 
point  progressively  further  in. 

It  is  clear  that  in  an  expansive  wave  generated  at  the  wall,  the  effects  of  the  normal  pressure 
gradient  and  the  boundary  layer  could  oppose  each  other  so  as  to  make  the  transformation 
insensitive  to  the  choice  of  edge  state,  but  if  this  were  to  be  the  case,  the  edge  point 
obviously  li«  within  the  layer  and  so  is  inappropiate. 

An  obvious  measure  to  circumvent  the  secondary  assumptions  ..uich  give  eqn.  (9.2.2)  is  to  us** 
eqn.  (9.2.1)  directly,  with  experimental  density  values.  The  non-appearance  of  a  log- law  could 
then  be  confidently  attributed  to  violation  of  the  "low-speed"  conditions  required  for  the  law 
to  exist  and  for  eqn.  (9.2.1)  to  be  valid.  The  choice  cf  D-state  would  no  longer  have  any 
influence.  A  number  of  such  comparisons  is  made  in  S  5.2  of  AGARDograph  263  (figs.  5. 2. 5 -5. 2. 9), 
where  it  can  be  seen  that  the  "pure"  and  "Van  Driest"  transformations  give  significantly 
different  results.  The  flows  in  question  are,  however,  so  disturbed,  that  one  would  expect  the 
log-law  to  break  down  in  any  case.  At  the  time  of  writing  that  section,  our  interest  was 
concentrated  on  the  temperature/velocity  relationship  rather  than  the  transformation  itself, 
and  further  work  remains  to  be  done  here.  The  effect  of  using  no  transformation  in  a  well- 
behaved  ZPG  flow  is  shown  in  AGARDograph  253  fig.  (3.3.0). 
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Fig.  9.2.2 

Effect  of  choice  of  D-state  on 
transformed  velocity  profiles  in 
flow  with  normal  pressure  gradient 
outside  the  boundary  layer,  (data 
from  84010108,  Taylor  (1984)). 
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Fig-  9.2.3 

Effect  of  choice  of  D-state  on 
transformed  velocity  profiles  in  flow 
with  normal  pressure  gradient  inside 
the  boundary  layer.  (Data  from 
84010107,  Taylor  (1984)). 


9 . 2 . 4 ^  Preston  tubes  in  comp ressible  f low. 

The  Preston  tube  was  originally  developed  for  use  in  incompressible  flow  and  depends  on  the 
assumption  that  the  flow  in  the  immediate  neighbourhood  of  the  wall  is  determined  only  by 
variables  measurable  at  the  wall.  Thus  the  original  accepted  calibration  in,  and  for  use  in, 
low-speed  boundary  layers  in  zero  or  small  pressure  gradients  effectively  implied  that  the 
velocity  profile  out  to  a  scaled  value  comparable  to  d+  would  follow  the  "universal”  law  of 
the  wall,  and  that  the  calibration  would  break  down  when  pressure  gradients  were  such  as  to 
cause  a  significant  departure  from  this  "law",  or  the  tube  was  overly  large  (Patel,  1965).  A 
more  convenient  form  of  the  basic  calibration  has  been  proposed  by  Head  &  Vasanta  Ram  (1971). 

Pressure  gradients  can  be  scaled  on  wall  variables  and  efforts  have  been  made  to  extend  the 
calibration  to  take  account  of  this  additional  factor  (Brown  &  Joubert,  1969;  Frei  8-  Thomann, 
1980;  Hirt  &  Thomann,  1986),  resulting  in  corrections  to  the  zero-pressure  gradient  calibration 
in  terms  of  the  scaled  pressure  gradient  a  =  [(v/p  u-f ) (dp/dx)] .  All  this  is  within  the  framework 
of  wall  similarity.  The  greater  part  of  Frei  &  Thomann* s  calibrations  were  made  in  a  range  in 
which  the  universal  law  still  holds  (source,  fig.  10),  so  that  the  correction  allows  for  the 
use  of  a  larger  Preston  tube  than  would  be  proper  for  the  pressure  gradient  prevailing,  should 
one  attempt  to  use  the  ZPG  calibration.  However,  the  stronger  (step  flow)  pressure  gradients 
move  into  a  range  where  the  velocity  profiles  no  longer  appear  to  follow  the  universal  "law” 
(source,  fig-  11),  though  the  authors  ascribe  the  difference  to  the  effect  of  normal  pressure 


gradients.  It  is  worth  emphasising  that  with  a  two-parameter  Preston-tube  calibration  there 
should  go  a  two-parameter  inner  law,  though  the  dependence  on  the  second  (pressure)  parameter 
might  be  too  weak  to  detect  in  the  range  covered.  The  later  investigation  by  Hirt  &  Thomann 
perhaps  leaves  the  question  more  open  than  before,  but  in  principle  a  calibration  of  this 
nature  should  be  possible  so  long  as  the  rate  of  change  of  pressure  gradient  is  not  too  great. 

The  simplicity  of  the  Preston  tube  makes  it  very  attractive  for  use  in  compressible  flow,  and 
a  large  part  of  the  wall-shear  data  available  to  us  is  from  this  technique  In  principle,  all 
that  is  needed  is  to  extend  the  wall  similarity  analysis  to  take  account  of  compressibility. 
This  approach,  proposed  by  Rotta  (1959)  in  an  investigation  of  velocity  and  temperature 
profiles,  was  followed  by  Bradshaw  &  Unsworth  (1973),  the  result  being  expressed  as  a 
compressiblity  correction  to  the  low-speed  calibration  in  terms  of  d+  and  MT  (  =  uT/a,„).  If 
used  in  pressure  gradients,  the  gradients  must  be  low  enough  for  the  (transformed)  velocity 
profile  to  agree  with  the  universal  law,  or  a  further  pressure  gradient  correction  calibration 
would  be  required.  A  first  step  would  be  boldly  to  apply  the  incompressible  correction.  7:: 
addition,  there  should  be  a  heat-transfer  parameter.  Rotta  and  Bradshaw  &  Unsworth  propose 
parameters  based  on  the  heat  flux,  which  we  would  regard  perhaps  as  more  a  variable  dependent, 
on  a  temperature  parameter  such  as  TW/TR.  No  serious  attempt  at  assessing  the  sensitivity  of 
the  Preston  tube  to  heat  transfer  is  known  to  us,  such  evidence  as  is  available  (Yanta  et  al  .  , 
I9G9)  suggesting  that  any  influence  is  not  large. 

The  case  for  the  use  of  Preston  tubes  in  compressible  flow  has  been  made  strongly  in  zero 
pressure-gradient  adiabatic  flows  by  comparison  with  floating-element  balance  values  and  by 
the  extensive  agreement  found  between  " transformed"  velocity  profiles  and  the  universal  profile. 
when  using  Preston-derived  wall  shear-stress  values.  Unfortunately  the  purist  approach  has  not 
generally  been  applied,  and  the  majority  of  compressible  flow  Preston  correlations  are  based 
on  formulations  involving  properties  of  the  free-stream  flow.  The  presumption  is  that  the  Mr 
dependence  is  subsumed  in  the  correlation,  which  gives  a  true  value  for  the  shear  stress,  and 
that  the  transformation  does  likewise  for  the  profile. 

A  characteristic  of  these  correlations  is  that  they  call  for  property  values  at  a  "mean 
temperature"  which  is  a  function  of  wall  temperature,  free-stream  temper  ature  and  f ree- st  •  .sn-.i 
Mach  number,  and  not  very  close  (77%  TW  for  AW  at.  Mach  3)  to  the  wall  temperature  (Sonmvr  fc, 
Short,  1955).  Typical  of  these  are  Fenter  8,  Stalroach  (1958),  Hopkins  &  Keener-  (1965)  and  Allen 
(1973,  1977).  Because  of  the  link  between  skin  friction,  Reynolds  number  and  Math  number, 
these  are  functionally  correct  if  restricted  to  ZPG  adiabatic  flows,  though  the  success  of  (he 
"mean  temperature"  approach  is  essentially  empirical.  Success  is  measured  by  the  ability  of 
the  correlation  to  reduce  compressible  data  to  the  incompress ib le  Preston  tube  calibration. 

A  good  example  is  the  much  used  "Hopkins  &  Keener  T‘ "  correlation.  The  first  step  was  to  apply 
the  incompressible  correlation  directly,  evaluating  fluid  properties  at  the  wall.  This 
collapsed  the  data  fairly  well  over  the  limited  Mach  number  range  used,  but  not  onto  the 
incompressible  data,  demonstrating  a  Mach  number  effect..  The  next  step  assumed  that  at  low- 
speeds  the  pressure  difference  recorded  by  the  tube  was  the  local  dynamic  pressure,  so  this 
should  be  used  in  the  calibration  rather  than  the  Pitot  pressure.  Again,  the  flm  1  properties 
were  taken  at  the  wall,  and  for  both  of  these  the  free-stream  properties  appearing  in  the 
calibrations  cancel  out.  The  implied  "Mach  correct. ion"  of  the  second  attempt  was  however  not 
great  enough,  and  was  supplemented  by  adoption  of  the  "effective  temperature"  evaluation  of 
fluid  properties.  Th-*  calibration  then  becomes  edge-state  dependent.  Subsequent  efforts  (e.g. 
Allen,  1973,  and,  importantly,  corrected,  1977)  have  been  Largely  concerned  with  trying  to 
improve  the  quality  of  the  data,  and  the  convenience  and  accuracy  of  the  formulae  used  to 
describe  it.  (Allen’s  results  prompted  the  development  of  the  Bradshaw  &  Unsworth  formulation, 
a  corrected  version  of  which  is  in  Allen,  1977.) 

Hv  analogy  with  low-speed  flows,  the  correlations  are  used  in  pressure  gradients,  when  tin* 
Preston  tube  may  be  the  only  sensor  which  is  remotely  practical.  With  the  usual  restriction 
ro  gradients  which  are  not  "too  great",  the  correlations  may  claim  modest  success  (CAT  7102, 
7007,  8601T  along  a  straight  wall,  and  7101  on  a  curved  surface  AO  253  figs.  5.3.2/13/15/16; 
fig  10.1.4  below).  (A  re-examination  of  the  raw  data  for  CAT7101,  using  the  Brails haw  &  Unsworth 
expression,  shows  poor  agreement  for  the  upstream  profiles,  with  agreement  improving  to  become 
almost  complete  at  the  downstream  end.)  However,  in  general,  pressure  gradients  along  a  wnl ! 
are  accompanied  by  gradients  normal  to  the  surface,  especially  if  the  pressure  gradient  is 
changing,  or  the  wall  is  curved  (AG 253  Ch .  6).  The  properties  of  the  free  stream  therefore  may 
vary  rapidly  along  a  profile  normal,  so  that  the  choice  of  boundary- layer  edge  position 
critically  affects  the  edge-state  property  values.  Under  these  circumstances  the  wall  shear- 
stress  deduced  from  any  of  the  correlations  in  terms  of  edge  values  will  depend  on  the  point 
chosen  as  the  boundary- layer  edge,  which  most  evidently  is  not  a  quantity  measurable  at  the 
wall,  as  wall  similarity  requires.  We  have  already  seen  (§  9.2.3,  above)  that  the  variation  in 
edge  state  in  a  curved  ramp  flow  (8401T)  has  a  material  effect  on  the  Van  Driest  transformation 
and  so  on  the  apparent  success  of  measurements  in  realising  the  universal  wall  law,  while 
retaining  a  fixed  wall  shear-stress  value. 


Discrepancies  may  therefore  arise  from  sensitivity  to  selection  of  the  edge  state,  from 
inherent  errors  of  the  correlation,  from  sensitivity  of  the  calibration  to  longitudinal 
pressure  gradients,  or  because  the  velocity  profile  in  reality  does  not  agree  with  the 
universal  law  of  the  wall.  There  is  no  reason  to  expect  (rather  than  hope)  that  profiles  in 
strong  normal  pressure  gradients  should  agree  with  the  universal  law.  Under  these  circumstances, 
we  would  not  advise  the  acceptance  of  values  derived  from  a  fit  to  the  wall  law. 

An  alternative  approach  suggested  by  Settles  (1975),  CAT7904T,  for  flows  experiencing  a  normal 
pressure  gradient,  is  to  use  a  fictitious  edge  state  determined  from  the  wall  pressure  and  the 
free-stream  total  pressure.  If  there  are  shocks  in  the  flow,  it  is  not  at  present  clear  whether 
he  and  those  following  him  (experiments  performed  at  Princeton)  would  use  upstream  total 
pressure,  or  the  pressure  after  the  shock  system  for  downstream  flows  -  or  how  they  would 
decide  when  to  change  from  one  to  the  other.  In  the  downstream  limit,  the  post-shock  exterior 
flow  obviously  becomes  the  appropiate  ’’exterior  flow",  but  in  the  compression  corner  flows  for 
which  the  procedure  was  proposed  it  is  far  from  clear  as  to  which,  if  any,  would  be  appropiate. 
Preston  tube  wall  shear-stress  values  derived  in  this  way  are  used  in  Ch.10  below  as  being 
results  based  on  measurements.  The  wall-law  profiles  which  result  do  not  fit  the  log- law  well 
when  the  flow  is  disturbed.  Some  of  the  discrepancies  may  be  accounted  for  by  the  effect  of 
the  edge  state  on  the  transformation  (§  9.2.3  above)  but  the  authors  also  present  values 
derived  from  a  fit  to  the  wall  law  (Taylor,  1984,  CAT8401T;  Smits  &  Muck,  1987,  CAT8701T; 

Donovan  &  Siaits,  1987).  Jayaram  et  al.  (1987,  CAT8702T)  show  both  values  (source  paper  fig. 5). 

If  the  profiles  genuinely  do  have  a  wall- law  region  good  enough  for  a  profile  fit,  then 
logically  a  Preston  tube  should  indicate  the  same  shear — stress  value.  The  longitudinal  pressure 
gradients  in  CAT8702T  were  not  so  great  as  to  suggest  a  large  pressure  gradient  correction. 


9.2.5.  Interpolation  and  profile  alignment. 

A  functionally  complete  mean-flow  profile  requires  measurement  of  three  individual  property 
profiles,  and  the  Y-values  for  these  will  not  in  general  match.  Usually  therefore  two  of  the 
measured  profiles  must  be  interpolated  to  the  Y-values  of  the  third,  generally  that  in  which 
the  greatest  rate  of  change  is  observed,  with  conventional  measurements,  the  Pitot  profile. 

It  is  in  this  (authors’)  interpolated  form  that  we  present  profile  data  when  possible.  A 
principal  purpose  of  the  additional  entries  in  this  volume  is  to  present  turbulence  de+a,  and 
in  doing  so  there  is  inevitably  a  further  stage  of  interpolation,  generally  from  functionally 
complete  mean  flow  profiles,  to  the  Y-values  of  turbulence  measurements.  Interpolation  within 
profiles  measured  on  a  common  traverse  line  is  inevitable  and  proper,  though  repeated 
interpolation  will  artificially  smooth  the  original  data.  There  are  occasions  however  when  a 
mean  flow  survey,  already  in  being,  does  not  include  the  traverse  line  to  be  used  for  turbulence 
measurements.  The  only  possibility  left,  if  turbulence  data  are  to  be  matched  to  the  mean  flow, 
is  to  interpolate  from  neighbouring  profiles.  In  an  "interesting”  flow  this  is  inherently 
dangerous  and  to  be  avoided  where  possible.  We  have  tried  to  indicate  this  possibility  whenever 
we  thought  there  was  even  a  small  chance  that  it  had  happened. 

Many  of  the  flows  considered  here  are  on  walls  which  change  direction  more  or  less  abruptly. 

In  addition  to  arranging  for  profiles  to  be  measured  along  the  same  traverse  line,  it  may 
become  necessary  to  ensure  that  probes  have  an  appropriate  alignment.  The  fluid  at  quite  small 
distances  from  the  local  wall  surface  may  be  flowing  in  a  very  different  direction  from  that 
of  the  wall.  The  extreme  case  is  the  compression  corner  flow,  where  for  the  most  part  the  flow 
changes  direction  discontinuously  at  the  shock.  Probes  which  are  parallel  to  the  local  wall 
direction  may  thus  be  seriously  misaligned  when  they  have  passed  outwards  through  the  shock 
or  compression  front  into  a  region  where  the  flow  is,  as  yet,  undeflected.  Readers  will  find 
a  detailed  discussion  of  some  of  the  problems  which  arise  in  the  editors*  comments  on  CAT7904T 
(Settles  et  al.,  1979).  Static  pressure  probes  and  inclined  hot  wires  are  the  sensors  most 
affected,  but  all  intrusive  probe  measurements  will  suffer  to  some  degree.  Optical  techniques 
are  not  affected,  but  it  is  most  important  that  there  be  a  clear  statement  of  the  effective 
orientation  of  data,  which  may  well  not  be  obtained  for  the  directions  corresponding  to  natural 
or  boundary  layer  axes.  If  the  flow  is  at  a  large  inclination  to  the  measurement  directions  of 
a  LDV  for  instance,  the  stress  tensor  obtained  from  the  readings  will  need  to  be  rotated  to 
recover  the  kinematic  Reynolds  stresses  normally  encountered  in  boundary- layer  theories  or 
calculations.  The  rotation  can  not  be  accomplished  for  any  one  of  the  stresses  unless  all 
three  components  in  the  appropiate  plane  are  available.  In  the  cylinder /cone- flare  experiment 
of  Brown  et  al.  (1987)  for  example,  all  measurements  were  made  parallel  and  normal  to  the  axis, 
while  the  deflection  was  30°.  A  rotation  would  be  needed  before  drawing  any  conlusions  about 
the  shear  stress  distribution  behind  the  shock.  Plow  deflections  in  the  quasi-normal  shock 
flows  of  CAT8002T  (Delery  et  al)  and  CAT8003T  (Copy  &  Reisz)  are  small  so  that  the  effects  of 
rotation  can  probably  be  ignored.  This  is  perhaps  not  the  case  for  the  compression  corner 
flows  of  CAT8402  (Ardonceau),  where  the  greatest  deflection  was  18®. 
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9.3.  Interpretation  of  measurements 
9.3.1.  Shock  wave  movements 

In  chapter  8  we  presented  a  survey  of  the  information  to  be  obtained  from  wall  pressure 
fluctuations.  Much  of  these  investigations  were  directed  at  the  fluctuation  mechanisms  in 
separated  compression-corner  flows.  It  is  concluded  that  at  higher  Mach  numbers  the  principal 
mechanism  of  the  "upstream  influence"  of  a  compression  corner  in  such  a  flow  is  the  oscillation 
of  a  single  compression  shock,  the  strength  of  which  does  not  vary  greatly  as  it  moves  (ch. 
8.4.2. 1)  -  and  not  the  transmission  of  pressure  signals  through  the  low  speed  (time  mean)  part 
of  the  boundary  layer.  (Note  that  the  oscillations  still  depend  on  upstream  influence  -  in  the 
recirculation  zone  -  to  close  a  feedback  loop.  The  argument  is  that  any  upstream  influence  in 
the  subsonic  zone  is  negligible  by  comparison,  perhaps,  rather  than  non-existent.)  The 
instantaneous  separation  point  is  near  the  foot  of  the  shock,  and  the  distributed  rise  in 
pressure  ahead  of  the  separation  point  is  an  expression  of  the  intermi ttency  of  the  wall 
pressure  at  a  given  point.  The  time-mean  separation  line  indicated  by  surface-flow  techniques 
is  at  or  near  the  rearmost  position  of  the  shock  because  there  is  an  intense  rearward  shear 
while  the  shock  is  downstream  of  any  point,  and  only  a  weak  forward  shear  when  it  is  upstream, 
so  that  material  accumulates  at  the  downstream  limit. 

In  a  nominally  two-dimensional  flow,  turbulence  causes  variations  in  the  entry  conditions  and 
the  shock  front  can  develop  ripples  or  wrinkles  with  a  cros9-flow  wavelength  of  the  order  of 
one  half  of  the  entry  boundary  layer  thickness  (ch.  8.4.2. 1).  It  follows  that  a  short  exposure 
schlieren  photograph  will  tend  to  show  a  smudged  double  image  corresponding  to  the  forward  and 
rearward  "wavecrests"  (there  is  no  reason  to  expect  uniform  amplitude),  while  a  long  exposure 
picture  will  tend  to  record  a  gradient  rather  than  a  discontinuity.  This  gives  rise  to  images 
apparently  representing  a  coalescing  compression  fan  or  branched  shock  system,  and  has 
resulted  in  the  traditional  mean  flow  description  of  the  interaction  in  those  terms. 

The  turbulence- induced  wrinkling  of  the  shock  front  will  however  also  occur  in  attached  fLowa, 
and  may  result  in  intermittent  separation  in  a  compression  corner  flow  which,  in  mean  flow 
terms,  is  an  incipient  separation  caer .  both  relative  magnitude  and  -^nge  of  movement 

of  the  shock  fall  off  with  shock  strength  (Dolling  et  al.t  1983,  figs.  8,10)  so  that  with  low 
enough  deflection  the  movement  of  the  shock  will  approach  the  turbulence  induced  wrinkLing  as 
a  lower  limit. 

The  shock  unsteadiness  appears  to  be  the  result  of  a  complicated  feedback  process  with  at 
least  four  separately  identifiable  mechanisms:  Firstly,  the  shock  position  and  strength 
depends  on  the  upstream  and  downstream  flow  conditions,  and  therefore  it  will  be  affected  by 
the  intensity  and  frequency  content  of  the  incoming  and  outgoing  turbulence.  Secondly,  the 
shock  is  curved  locally  by  the  turbulent  structures,  and  the  entropy  gradients  can  act  as  a 
source  of  fluctuating  vorticity.  Third,  the  pressure  of  significant  regions  of  subsonic  flow 
near  the  foot  of  the  shock  provides  a  feedback  path  for  pressure  disturbances  to  travel 
upstream.  For  low  Mach  numbers,  the  upstream  subsonic  layer  can  be  quite  thick,  and  the  whole 
of  the  downstream  layer  can  be  subsonic.  In  this  case,  the  pressure  begins  to  rise  well  ahead 
of  the  shock  position  and  this  may  be  called  a  genuine  upstream  influence.  At  higher  Mach 
numbers,  the  sonic  line  is  very  close  to  the  wall  (for  CAT8603T,  at  Mach  2.9  the  flow  is 
subsonic  for  about  y/6  <  0,01).  The  genuine  upstream  influence  is  very  small,  and  the  pressure 
rise  ahead  of  the  mean  shock  position  is  a  direct  indication  of  shock  motion.  Four eh,  when 
separation  occurs  the  size,  shape,  and  position  of  the  separated  zone  depends  on  the 
turbulence  9tate  as  determined  by  the  upstream  boundary  layer  and  the  amplification/ 
generation  by  the  shock. 

These  four  mechanisms  modify  the  turbulence  levels,  alter  the  instantaneous  shock  position  and 
distort  its  shape.  However,  the  recent  work  by  Selig  (1988)  and  CAT870107T)  indicates  that  the 
shock  unsteadiness  by  itself  has  little  effect  on  the  downstream  turbulence  intensity,  although 
it  is  obviously  very  important  for  the  interaction  zone  itself. 


9,3,2.  Three-dimensional  effects 

None  of  the  experiments  described  in  this  volume  were  performed  on  ax i symmetric  configurations 
so  that  all  will  suffer  in  some  degree  from  end-wall  constraints. 

With  attached  flows,  the  flow  on  the  centreline  in  the  vicinity  of  the  experiment  is  probably 
properly  representative  of  the  equivalent  two-dimensional  flow.  Many  of  the  studies  involve 
considerable  disturbances,  and  these  affect  not  only  the  test  layer  but  also  the  boundary 
layers  on  the  other  tunnel  walls.  Generally,  therefore,  the  downstream  flows  can  not  be 
considered  truly  representative  of  the  recovery  of  a  two-dimensional  boundary  layer  from  the 
disturbance  which  has  been  imposed,  as  the  downstream  pressure  distribution  will  nol  be 


appropiate.  The  quasi-normal  shock  flows,  with  downstream  Mach  numbers  close  to  one,  are 
likely  to  be  particularly  sensitive  to  the  ratio  of  boundary- layer  thickness  to  tunnel  width 
because  of  the  sensitivity  of  transonic  flows  to  relatively  small  changes  in  their  virtual 
boundaries.  Even  so,  so  long  as  the  boundary  layer  is  not  exceptionally  thick,  the  centreline 
development,  for  some  way  downstream,  will  correspond  to  a  two-dimensional  flow  with  the 
observed  pressure  distribution,  and  so  may  serve  as  a  test  case  for  calculation  methods. 

It  is  not  possible  to  have  so  much  confidence  in  the 
accuracy  with  which  the  experiments  represent  two- 
dimensional  flows  when  the  flow  separates.  The 
configuration  of  a  recirculation  zone  is  critically 
dependent  on  the  balance  between  entrainment  by  the  free 
shear  layer  and  the  mass  returned  at  reattachment.  This 
may  be  materially  disturbed  by  mass  entering  or  leaving 
at  the  ends  of  the  recirculation  zone  through  the  agency 
of  the  sidewall  boundary  layers.  (See  for  example  Reda  & 
Murphy,  1973,  figs.  3  &  4  and  Schofield,  1985,  fig.  2. ) 
Three-dimensional  effects  therefore  are  not  determined 
only  by  such  factors  as  the  ratio  of  the  length  of  the 
separation  to  the  entry  boundary- layer  thickness.  In  most 
tests  with  full  width  models  on  the  floor  of  general 
purpose  tunnels,  the  side  wall  boundary  layers  are 
related  in  a  broadly  similar  way  to  that  on  the  floor  so 
that  it  may  appear  so.  However  the  effects  may  be  much 
reduced,  though  not  entirely  eliminated,  by  the  use  of 
side-plates,  as  in  the  Princeton  compression  corner  flow 
experiments.  Figure  (9.3.1)  shows  the  surface  streak 
patterns  observed  in  those  tests.  The  topmost  set,  for 
attached  flow  in  an  8°  compression  corner,  shows  no 
detectable  three  dimensional  effects.  The  remaining  sets, 
for  16°,  20°  and  24°  corners,  show  increasingly  extended 
separation  regions.  As  the  angle  increases,  a  three- 
dimensional  structure  appears.  This  however  is  apparently 
a  cellular  structure  and  can  not  be  regarded  as  an  end 
effect  except  in  so  far  as  the  end  constraints  may 
determine  its  cross-flow  wavelength. 

The  appearance  of  cross- flow  variations  such  as  this 
implies  that,  for  flows  of  this  type,  the  nominally  plane 
shock  wave  will  always  form  an  irregular  surface,  and 
seem  to  be  of  finite  thickness  in  schlieren  and 
interferometric  photographs. 

Fig.  9.3.1  Surface  streak  patterns  from  the  8,  16,  20  and  24  deg  compression  corner 

flowfields.  (S,  C,  and  R  denote  separation,  corner,  and  reattachment  locations, 
respectively.  The  streamwise  direction  is  from  bottom  to  top  in  each  cose.  The 
incoming  boundary- layer  thickness  is  shown  for  comparison.) 


9.4.  Mean  flow  configurations 

There  follows  a  general  description  of  the  flows  under  discussion,  with  a  brief  outline  of 
the  main  causes  of  measurement  difficulties.  The  shock-wave  interaction  cases  often  include 
separated  flow  regions,  and  these  present  special  instrumental  problems.  These  will  not  be 
discussed  individually  or  at  length.  The  separation  region  is  small,  so  that  the  problems  uf 
probe  size  are  aggravated,  and  since  the  flows  arc  usually  unsteady,  the  size  and  position  of 
the  recirculating  region  will  vary  substantially  with  time.  The  direction  of  flow  is  also  a 
function  of  both  time  and  position.  In  such  a  region,  the  only  truly  trustworthy  time  mean 
readings  would  be  values  obtained  from  instrumentation  with  a  linear  response.  There  are  few 
such  available.  In  addition,  there  are  usually  relatively  strong  three-dimensional  effects 
due  to  side-wall  boundary  layers,  so  that  even  when  a  flow  appears  substantially  uniform  over 
a  central  region,  it  does  not  follow  that  it  represents  the  equivalent  planar  flow. 


9.4.1.  Quasi-normal  shock  interactions  (QNS) 

At  first  sight  it  would  seem  that  the  simplest  shock-boundary  layer  interaction  should  be 
that  in  which  a  normal  shock  enters  the  boundary  layer,  and  in  fact  this  was  the  first  shock 
interaction  to  be  studied  (Ackeret  et  al.,  1946).  In  practice,  such  flows  are  exceedingly 
difficult  to  study,  principally  because  they  always  incorporate  substantial  mixed  subsonic/ 
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supersonic  regions,  and  for  that  reason  are  often  referred  to  as  "transonic"  interactions 
(e.g.  Delery,  1985).  The  area/mass-flow  relationship  near  Mach  1  is  very  sensitive,  so  that 
experiments  are  bedevilled  by  side-wall  displacement  effects  and  probe  interference  problems. 
There  is  therefore  a  very  strong  incentive  for  arranging  experiments  with  non-intruaive 
instrumentation  such  as  the  LDV.  Unfortunately,  the  velocity  profile  as  such  is  not  the  sole 
aim  of  boundary  layer  research  and  LDV  results  need  to  be  supported  by  data  directly  or 
implicitly  containing  pressure  or  density  information.  (See  9.2.1.  above.)  These  flows  ore 
also  very  susceptible  to  three-dimensional  effects,  particularly  when  there  is  a  separation 
bubble. 

The  rise  in  pressure  caused  by  the  shock  wave  exerts  an  upstream  influence  through  the 
subsonic  part  of  the  boundary  layer,  which  at  the  free  stream  Mach  numbers  characteristic  of 
this  type  of  interaction  is  a  significant  proportion  of  the  whole.  The  boundary  layer  is 
retarded  and  thickens,  so  that,  if  the  shock  is  not  strong  enough  to  cause  a  separation 
bubble  to  form,  compression  waves  propagate  away  from  the  wall  and  coalesce  into  the  free 
stream  normal  shock.  There  may  or  may  not  be  a  recognisable  shock  discontinuity  within  the 
boundary  layer  itself.  (See  Delery,  1985,  figs.  4,  12.) 

For  stronger  shocks,  the  flow  may  be  sufficiently  retarded  to  cause  the  boundary  layer  to 
separate  and  form  a  bubble  under  the  "foot"  of  the  shock.  The  displacement  effect  of  the 
thickened  boundary  layer  and  bubble  again  causes  compression  waves  to  propagate  out  towards 
the  free  stream,  and  these  coalesce  to  form  a  leading  oblique  shock  wave  which  usually 
accounts  for  the  major  part  of  the  overall  pressure  rise  in  the  flow  in  the  outer  part  of  the 
layer  and  the  adjacent  free  stream.  The  flow  behind  this  shock  is  still  just  supersonic,  and 
may  be  mildly  accelerated  as  it  passes  over  the  convex  separation  bubble  before  entering  a 
second,  near-normal,  shock  at  the  end  of  the  interaction.  This  second  shock  is,  in  general, 
technically  "strong",  with  a  subsonic  outflow,  although  the  pressure  rise  through  it  is  less 
than  that  in  the  first,  "weak",  shock.  The  strength  of  the  shock  falls  off  as  it  penetrates 
the  outer  part  of  the  boundary  layer  and  in  this  region  it  is  possible  to  have  a  "supersonic 
tongue"  either  immediately  after  the  shock  (e.g.  Ackeret  et  al.,  2946;  Seddon,  I960;  Abbis 
et  al.,  1976;  Kooi,  1978;  Schofield,  1985)  or  storting  just  downstream  (East,  1976).  The  two 
shocks  meet  outside  the  boundary  layer  to  form  the  characteristic  branched  "foot"  of  a  normal 
shock  interacting  with  a  boundary  layer.  (See  Delery,  1985,  figs.  35,  36;  and  fig.  10.4.1 
below. ) 

The  changes  of  direction  in  flows  of  this  type  are  not  large,  so  that  incidence  effects  on 
probes  are  not  a  serious  problem.  Transonic  interference  effects  are  however  likely  to  be 
important,  particularly  near  the  wall.  Gross  effects  caused  by  probes  and  their  mountings  can 
be  ameliorated  if  there  is  provision  for  the  active  adjustment  of  shock-wave  position  (e.g. 
Schofield,  1985).  The  effects  of  strong  pressure  gradients  on  the  probe  readings  themselves 
must  remain  problematical,  and  readings  taken  close  to  shock  waves  must  be  regarded  with 
particular  suspicion.  In  addition,  flows  with  an  extended  separation  bubble  are  likely  fo 
show  significant  oscillations  in  the  shock-wave  position,  and  this  may  cause  "smudging"  of 
probe  readings  near  shocks.  The  Mach-number  range  is  also  such  that  it  is  difficult  or 
impossible  to  calibrate  hot-wire  probes  as  a  result  of  strong  Mach-number  effects. 

Quasi-normal  shock  interactions  considered  here  consist  of  a  group  of  tests  made  at  ONERA 
(Delery,  8002T,  with  an  asymmetric  configuration,  and  Copy  et  al.,  8003T,  three  cases  with 
the  shock  forming  after  a  slight  symmetric  constriction  in  the  tunnel)  and  a  selection  from  a 
very  large  range  of  observations  made  at  Cambridge  (Liu  &  Squire,  8501T,  with  an  asymmetric 
constriction).  Shock  entry  Mach  numbers  are  typically  up  to  1.5. 


9.4.2.  Reflected  shock  wave  flows  (RSW) 

No  cases  of  this  type  are  reported  in  this  volume  of  the  catalogue,  and  a  very  full  account 
of  an  axisynnnetric  case  is  given  in  AG  263,  §  5.3  (CAT7501S).  The  typical  experiment  uses  an 
inclined  surface  in  the  free  stream  to  generate  an  oblique  shoe!  *i.  ch  impinges  on  a  straight 
surface  supporting  the  test  boundary  layer.  Close  to  the  surface  c< mplex  interaction 
develops,  the  upstream  influence  of  the  pressure  rise  causing  at’  *  vely  weak  compression 
to  form  ahead  of  the  point  at  which  the  incident  shock  approaches  t*  .  ./all.  This  coalesces  to 
form  the  leading  shock  of  the  reflected  wave  system.  The  displacement  surface  moves  towards 
the  wall  as  a  result  of  bulk  compression,  becoming  convex,  so  that  an  expansion  wave  propagates 
outwards  behind  the  leading  shock,  before  becoming  concave  and  returning  to  the  direction  of 

the  wall.  This  causes  the  main  reflected  shock  wave  to  move  out  behind  the  expansion  (AG  263 
figs.  5.3. 1/2).  At  large  distances  the  waves  run  together  to  form  a  single  shock  of  the 
strength  appropriate  to  an  ideal  flow  reflection.  If  the  incident  shock  is  strong  enough,  the 
boundary  layer  separates  to  form  a  bubble  and  all  three  components  of  the  reflected  wave 
become  stronger.  Locally,  flow  deflections  may  become  large  enough  to  cause  alignment  errors, 
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and  in  the  region  of  interest  shock-probe  interactions  are  likely.  Large-scale  fluctuations 
are  not  in  general  a  problem  as  the  incident  shock  is  "anchored"  to  its  generator,  and,  the 
Mach-number  level  typically  being  higher,  gross  interference  problems  are  unlikely.  Really 
strong  incoming  shocks  will  cause  the  interaction  to  form  at  the  foot  of  a  Mach  reflection,  a 
case  which  has  not  yet  been  studied  in  detail. 


9.4.3.  Compression-corner  flows  (CCF) 

It  will  be  seen  that  the  most  common  configuration  in  table  9.1.1  is  the  compress ion- corner 
flow.  The  abrupt  rise  in  pressure  occasioned  by  the  change  in  flow  direction  causes  the 
boundary  layer  ahead  of  the  corner  to  thicken,  and  if  strong  enough,  to  separate  ahead  of  the 
corner  itself.  The  question  of  when  a  corner  flow  is  severe  enough  to  cause  separation  has 
been  comprehensively  addressed  by  Settles  (1975)  and  Settles  et  al.  (1976)  amongst  others  and 
will  not  be  discussed  here.  A  major  problem  is  that,  by  virtue  of  the  change  in  direction, 
there  are  large  differences  in  static  pressure  along  profile  normals  in  the  interaction 
region.  Consequently  it  is  difficult  to  determine  an  edge  state,  and  many  aspects  of 
conventional  data  reduction  which  require  edge  values  become  ill-founded  (§  9.2  above). 

For  small  deflections  the  flow  remains  attached,  with  the  upstream  influence  of  the  corner 
flow  causing  a  compression  fan  to  form  as  though  from  the  displacement  surface  and  coalesce 
into  a  shock  which,  at  moderate  distances  out  into  the  free  stream,  is  indistinguishable  from 
the  ideal  flow  plane  shock  apart  from  taking  a  slightly  upstream  position.  The  point  at  which 
the  compression  fan  must  be  regarded  as  having  formed  a  shock  moves  progressively  inwards  as 
the  strength  of  the  shock  increases.  For  very  small  deflections  and  weak  shocks,  the  point  of 
coalescence  may  lie  outside  the  boundary  layer  so  that  the  edge  flow  undergoes  an  isentropic 
compression.  For  larger  deflections  the  shock  extends  into  the  boundary  layer  (although  its 
exact  position  is  completely  overshadowed  by  the  background  turbulence)  steepening  as  the 
Mach  number  of  the  flow  entering  it  falls.  At  representative  Mach  numbers,  the  fall  in  Mach 
number  occurs,  for  the  greater  part,  very  close  to  the  wall  so  that  the  shock  appears  to 
reach  to  the  surface.  (Settles,  1975,  at  M  =  2.9  -  the  sonic  layer  is  at  a  Y-value  given  by 
Y/6  =  2.63  Retf-0*46,  or  typically  less  *han  0.005  of  the  layer  thickness). 

When  the  deflection  is  large  enough  to  cause  a  separated  return-flow  region  in  the  corner, 
the  compression  occurs  predominately  in  two  stages,  possibly  with  a  small  degree  of  expansion 
interposed.  A  leading  shock  springs  from  the  separation  zone  as  the  flow  turns  up  and  over 
the  separation  bubble.  This  shock  tends  to  oscillate  violently  together  with  the  leading  edge 
of  the  separation  (see  chapter  8  and  9.3.1  above).  The  main  turning  and  the  greater  pressure 
rise  is  accomplished  by  a  compression  springing  from  the  reattachment  zone.  The  compression 
runs  into  and  reinforces  the  leading  shock  so  that  in  the  outer  flow  it  has  the  same  strength 
as  in  ideal  flow. 

The  principal  experimental  difficulties  in  these  flows,  apart  from  the  eternal  problem*  .of 
finding  wall-shear  stress,  are  those  arising  from  probe  alignment  and,  when  separated, 
unsteadiness.  The  turning  angles  may  become  large  -  e.g.  CAT7904T,  20°,  24°  -  so  that  even 
the  relatively  insensitive  Pitot  tube  gives  misleading  readings  unless  rotated  to  the  stream 
direction,  while  a  static  probe  will  be  seriously  inaccurate.  (See  the  editors’  comments  in 
the  entry  for  CAT7904T  and  9.2.5  above.)  Quite  systematic  efforts  have  been  made  to  quantify 
the  extent  of  shock-wave  movement  for  this  configuration.  The  principal  investigation  is  that 
of  Dolling  et  al.  (1983).  The  motion  is  such  that  for  a  20°  corner  flow,  the  shock  lies 
within  an  X-interval  of  0.35  entry  boundary  layer  thicknesses  for  90%  of  the  time.  The 
observed  range  is  about  double  this,  and  the  range  appears  to  scale  on  mean  interaction 
length  rather  than  6.  The  implication  is  that  with  this  degree  of  movement  a  shock  may  well 
appear  in  time  average  measurements,  as  it  affects  probe  measurements,  to  be  a  distributed 
compression.  Compression-corner  flows  considered  here  consist  of  a  group  of  tests  made  at 
Princeton  (Settles,  7904T,  Sra’ts  &  Muck,  8701T)  with  models  which  did  not  span  the  whole 
tunnel  but  were  fitted  with  end  plates  to  minimise  side-wall  boundary- layer  effects,  and 
tests  at  Poitiers  (Ardonceau,  8402T)  and  Marseille  (Debieve,  8301T)  in  which  the  ramps  were 
of  tunnel  width. 


9.4.4.  Curved  compress  ion -surf ace  flows  (CCS) 

Flow  turned  by  a  compression  corner  experiences  an  abrupt  compression,  even  if  the  effects  of 
shock  motion  and  separation  do  in  some  degree  distribute  it.  A  flow  turned  by  a  ramp  of 
relatively  large  curvature,  or  curved  compression  surface,  will  be  compressed  gradually,  and 
the  wave  structure  which  propagates  into  the  free  stream  exists  as  a  distributed  compression 
throughout  the  boundary  layer.  The  normal  pressure  gradients,  for  any  region  in  which  the 
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Mach  number  is  above  ^2,  are  greater  than  the  streamwise  pressure  gradients,  so  that  static 
pressure  profiles  are  required  if  the  data  are  to  be  functionally  complete.  (See  Ch  6  in  AG 
253.)  Cases  of  this  type  have  been  dealt  with  in  previous  volumes,  the  best  documented  being 
Sturek  &  Danberg,  CAT7101. 

Tf  the  radius  of  curvature  is  small,  as  for  series  01  of  Taylor,  CAT8401T,  there  may  be  probe 
alignment  problems  of  the  same  general  nature  as  experienced  for  compression  corners,  ihe 
flow  direction  along  a  profile  normal  changes  rapidly  from  that  of  the  wall  to  that  of  the 
free  stream  in  a  relatively  concentrated  compression  wave.  For  8401T0105-7,  the  profiles  in 
question,  static  probe  measurements  were  replaced  by  a  linear  interpolation  across  the  wave, 
while  the  free-streaa  pressure  was  probably  obtained  on  a  separate  occasion.  The  presence  of 
normal  pressure  gradients  must  also  raise  questions  as  to  the  validity  of  the  transformation, 
demonstrated  in  9.2.3  above,  and  the  use  of  Preston  tubes  (§  9.2.4)  unless  with  wall-law 
calibrations.  Otherwise  this  configuration  introduces  no  special  difficulties  apart  from  a 
slight  unease  as  to  the  effects  of  strong  streamwise  pressure  gradients  on  static  probes. 

Four  curved  ramp  flows  are  represented,  all  from  Princeton  (Taylor,  8401T  for  the  mean  flow; 
Jayarom  et  al.f  8702T  for  the  turbulence  data). 


9.4.5.  Distributed  compression  by  reflected  wave. 

We  have  one  case  of  a  boundary  layer  on  a  flat  wall  subjected  to  a  distributed  incident 
pressure  wave.  Flows  of  this  type  are  discussed  at  length  in  AG  253,  Ch.  6.  Normal  pressure 
gradients  will  be  small  except  at  the  start  and  finish  of  the  reflection  (see  AG  253,  figs. 
6.1.4,  6. 2. 2/3),  and  even  there  not  too  severe.  Normal  measurement  methods  should  meet  with 
little  difficulty.  It  is  instructive  to  compare  figures  10.1.4  and  10.2.3  above,  which  give 
the  inner-low  plots  for  a  reflected  wave  flow  on  a  flat  wall  and  a  curved  ramp  flow  with  the 
same  streamwise  wall  pressure  gradient.  The  shear  stress  is  deduced  from  Preston-tube 
measurements,  and  it  is  evident  that  the  correlation  is  much  more  successful  for  the  flat 
wall  case.  The  discussion  in  S  9.2.4  above  suggests  that  the  lack  of  success  on  the  curved 
wall  may  not  be  inherent  to  the  Preston  tube  as  the  calibration  used  was  edge  state  dependent. 


9.4.6.  Others 


The  other  flows  represented  here  are  a  flat  plate  flow,  CAT8603T,  and  a  centered  expansion, 
CAT8602T.  This  last  again  presents  the  difficulties  associated  with  a  concentrated  wave,  and 
the  authors  overcame  the  profile-related  problems  by  using  the  rotational  method  of 
characteristics  to  calculate  the  static  pressure  in  the  affected  region.  Preston  tubes  were 
not  used,  if  they  had  been,  there  would  have  been  an  edge-state  problem  unless  they  used  a 
wall  based  correlation. 


CONCLUSIONS 

a)  A  majority  of  the  problems  arising  in  the  interpretation  of  mean  flow  data  for  disturbed 
compressible  boundary  layers  are  related  to  the  effects  of  normal  pressure  gradients. 

b)  The  most  serious  intractable  problem  is  the  determination  of  wall  shear-stress.  The  flows 
in  question  include  regions  in  which  a  Preston  tube  can  never  be  expected  to  give  a  valid 
result,  though  it  may  be  possible  to  extend  the  range  of  validity  if  calibrations  are 
based  on  pure  wall-law  similarity. 

c)  The  Van  Driest  transformation  should  not  be  used  for  data  affected  by  normal  pressure 
gradients,  and  profile-derived  wall  shear-stress  values  deduced  from  such  profiles  can 
not  be  trusted. 

d)  The  direction  of  the  mean  flow  may  change  significantly  in  a  short  distance  so  that  it  is 
necessary  to  take  special  measures  to  ensure  that  probes  sensitive  to  misalignment,  in 
particular  static  probes  and  oblique  wires,  are  correctly  oriented. 
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10.  REVIEW  OF  MEAN  FLOW  DATA 

Before  we  discuss  the  turbulence  data  we  present  the  mean  flow  data  for  the  12  entries 
contained  in  this  volume.  We  begin  with  the  zero-pressure  gradient  flow  (ZPG)  of  Spina  &  Smits 
(1987,  CAT8603T),  followed  by  the  reflected  wave  case,  Fernando  &  Smits  (1986,  CAT8601T), 
providing  an  adverse  pressure  gradient  (APG)  of  the  same  order  of  magnitude  as  those  in  the 
concavely  curved  surface  flowc  of  Taylor  (1984,  CAT  8401T).  The  latter  flows  have  appreciable 
normal  pressure  gradients  as  has  the  expansion  flow  of  Dussauge  (1987,  CAT8602T) .  The 
remaining  ten  cases  are  shock/  boundary  layer  interactions  which  will  be  dealt  with  in  two 
groups,  quasi-normal  shock  interactions  and  compression  corner  flows  (cf.  chapter  9). 

Comparisons  between  measurements  and  the  logarithmic  law  of  the  wall  (AG  253,  eqn.  (3.3.12)) 
on  the  one  hand  and  the  outer  law  (AG  253,  eqn.  (3.3.17))  on  the  other  hand  were  made  for  all 
cases  in  this  survey  using  the  van  Driest  transformation  (AG  253,  eqns.  (3.3.13  a  and  b)) 
with  allowance  for  the  recovery  factor.  The  constants  used  for  the  log-law  are  K  =  0.40  and 
C  =  5.10,  and  the  Reynolds  number  is  defined  as  Re^  =  Ufl  pa  62/  Pui- 


10.1.  Zero,  adverse,  and  favourable  pressure  gradient  flows 

Two  of  the  three  compressible  boundary  layers  (ZPG  and  APG)  discussed  in  Lhis  section  were 
measured  in  the  Princeton  supersonic  tunnel  and  provide  comparative  data  for  more  complex 
flows  discussed  in  sections  10.2  and  10.3.  The  flow  was  not  quite  adiabatic  (T«,/Tr  »  1.1)  but 
heat  transfer  to  the  wall  has  been  assumed  to  have  negligible  effect.  The  skin  friction  was 
determined  by  Preston  tubes  using  the  calibration  curve  of  Hopkins  &  Keener  (1966).  Total 
temperature  was  measured  at  selected  stations  and  on  the  basis  of  those  measurements,  a  linear 
variation  giving  To  =  1.04  Tod  at  the  wall  v  *a  assumed.  The  third  flow  accelerates  round  an 
expansion  corner  (Dussauge  &  Gaviglio  (1987,  CAT  8602T).  The  boundary  layer  has  passed  through 
the  rapid  expansion  of  the  nozzle  but  ZPG  development  downstream  is  long  enough  for  upstream 
history  effects  to  be  small. 


Table  10.1.1  presents  some  characteristic  data: 


CAT 

Author 

PG 

Table  10.1.1 

Mtf 

Re^  x  10- 3 

Transi t ion 

8603T 

Spina  &  Smits 

ZPG 

2.9 

38 

Natural 

860  IT 

Fernando  &  Smits 

APG 

2.65  - 

2.48 

40  -  58 

Natural 

8602T 

Dussauge  &  Gaviglio 

FPG 

1.76  - 

2.25 

3-2 

Forced 

The  ZPG-flow  is  discussed  first.  Agreement  between  the  log  law  and  the  measurements  is  good 
(fig.  10.1.1),  the  deviation  at  the  smaller  y-values  probably  being  due  to  errors  in  measuring 
the  distance  from  the  wall.  The  outer  law  shows  fair  agreement  (fig.  10.1.2)  with  the 
measurements  although  the  older  data  in  the  same  Reynolds  -  and  Mach  -  number  range  from  the 
same  wind  tunnel  (Vas  CAT7601)  agree  even  better  (fig.  4.2.16  AGARDograph  253).  On  the  whole 
the  data  of  Spina  &  Smits  are  characteristic  of  a  fully  developed  ZPG  boundary  layer. 

The  longitudinal  pressure  gradient  for  the  APG  flow  was  provided  by  a  wave  generator  mounted 
in  the  free  stream  and  was  identical  to  that  measured  on  the  curved  ramp,  model  2,  of  CAT8401T 
but  without  curvature  (cf.  fig.  10.2.1).  All  profiles  show  normal  pressure  gradients  though, 
this  being  a  reflected  wave  case,  they  are  not  very  strong.  The  profiles  describe  the  flow  in 
the  downstream  region  of  the  adverse  pressure  gradient,  profile  01  being  about  halfway  through 
the  pressure  rise.  All  outer-law  profiles  (fig.  10.1.3)  show  the  typical  APG  behaviour  for  a 
modest  streamwise  pressure  gradient  and  should  be  compared  with  the  measurements  of  Thomas 
(fig.  5.3.12  AGARDograph  253).  The  profiles  fit  the  logarithmic  law  reasonably  (fig.  10.7.4), 
again  with  discrepancies  in  the  range  y+  <  500.  The  data  are  in  any  case  sparse  near  the  wall 
as  they  have  been  interpolated  from  detailed  mean  flow  surveys  to  the  y-values  used  for  the 
hot-wire  experiment.  In  contrast,  the  data  of  Thomas  go  down  to  y+  -  30  without  any  deviation 
from  the  log  law.  The  wake  strength  (A(u*/uT)  ~  5-6)  shows  values  which  are  considerably 
higher  than  those  for  ZPG  in  the  same  Reynolds  number  range  which  is  in  agreement  with  results 
obtained  in  subsonic  boundary  layers. 

For  the  FPG  flow  the  tests  were  conducted  on  a  continuation  of  the  lower  straight  tunnel  nozzle 
block.  At  a  point  640  mm  from  the  throat  the  surface  turned  down  sharply  at  an  angle  of  12° 
forming  the  expansion  corner,  round  which  the  flow  accelerates.  At  about  a  further  120  mm 
along  the  tunnel  axis  the  surface  curved  back  to  the  free-stream  direction.  The  reflection  of 


the  expansion  fan  returned  to  the  test  surface  downstream  of  this  point.  Profiles  01  to  09 
were  measured  normal  to  the  upstream  wall,  10-23  normal  to  the  sloping  surface,  with  09  and 


Fig.  10.1.1  Law  of  the  wall  for  a  compressible 
boundary  layer  with  zero  pressure 
gradient  T*/Tr  *  1.10,  Cf  from 
Preston  tube).  Spina  &  Smits  (1986). 


Fig.  10- 1.2  Outer  low  for  a 

compressible  boundary 
layer  with  zero  pressure 
gradient  (origin  not 
defined,  T„/Tr  *  1.10). 
Spina  fit  Smits  (1986). 


Fig.  10.1.3  Outer  law  for  a  compressible 
boundary  layer  with  an 
adverse  pressure  gradient 
(origin  not  defined, 
r«/7V  *  1-10).  Fernando  & 
Smits  (1986). 


Fig.  10.1.4  Law  of  the  wall  for  a  compressible 
boundary  layer  with  an  adverse 
pressure  gradient  (origin  not 
defined,  Tm/Tr  »  1.10).  Fernando  & 
Smits  (1986). 


10  at  the  corner.  Upstream  skin  friction  data  were  obtained  using  a  handfit  to  the  transformed 
logarithmic  law  (K  =  0.41  and  C  =  5.7).  Downstream  values  were  calculated  according  to  Chew 
(1978).  This  flow  was  included  in  this  volume  because  it  appears  to  be  the  only  reasonably 
fully  documented  study  of  a  boundary  layer  passing  through  a  concentrated  expansion.  Upstream 
influence  by  the  subsonic  layer  next  to  the  wall  appears  to  be  small,  so  that  the  boundary 
layer  experiences  a  rapid  distortion  closely  related  to  the  corresponding  ideal  flow  model. 

The  comparison  between  measurements  and  the  log  law  is  shown  in  figure  (10.1.5).  The  agreement 
for  the  three  upstream  profiles  is  very  good  due  to  the  curve  fit  for  uT  whereas  the  three 
downstream  profiles  appear  to  show  a  convergence  towards  the  log-law.  The  wake  strength 
d(u*/ur)  is  small  and  the  acceleration  effect  on  the  boundary  layer  must  be  classified  as 
being  modest.  Stronger  effects  of  favourable  pressure  gradient  may  be  observed  in  the  boundary 
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layers  investigated  by  Thomas  (CAT7401)  and  Lewis  et  al.  (CAT7201),  both,  however,  reflected 
wave  cases.  Measurements  agree  with  the  outer  law  (fig.  10.1.6)  -  as  they  should  -  in  the 
upstream  region  of  the  flow  and  show  the  behaviour  of  a  FPG  boundary  layer  in  the  expansion 
region  (cf.  fig.  5.2.4  in  AGARDograph  253).  Dussauge  &  Gaviglio  (1987)  claim  that  the  turbulence 
intensities  show  a  behaviour  as  to  be  found  in  a  relaninarized  boundary  layer.  This  is  not 
confirmed  by  the  mean  velocity  profiles. 


Fig.  10.1.5  Law  of  the  wall  for  a  compressible 

boundary  layer  with  a  rapid  expansion 
(origin  not  defined,  adiabatic  wall). 
Dussauge  A  Gaviglio  (1986). 


Fig.  10.1.6  Outer  law  for  a 

compressible  boundary 
layer  with  a  rapid 
expansion  (origin  not 
defined,  adiabatic 
wal 1 ) .  Dussauge  & 
Gaviglio  (1986). 


10.2.  Curved  ramp  flows 

Before  we  discuss  the  compression  corner  flows,  we  present  a  milder  version  of  this  type  of 
flow  for  which  the  abrupt  compression  corner  was  replaced  by  one  of  four  curved  ramps.  These 
ramps  had  side  fences  since  they  were  narrower  than  the  tunnel  so  as  to  reduce  side  wall 
boundary^ layer  effects.  The  ramp  curvature  started  at  (X  =  0)  1.15  m  from  the  nozzle  exit 
plane  and  the  four  ramps  had  an  initial  circular  arc  section  followed  by  a  flat  recovery 
section.  The  main  geometric  and  flow  parameters  are  presented  in  table  10.2.1.  The  initial 
mean  flow  studies  were  performed  by  Taylor  (1984)  and  have  been  supplemented  by  a  fourth  case 
(Donovan  A  Smits  (1987),  presented  as  840104T).  There  are  no  shock  waves  in  the  exterior  flow 
near  the  boundary  layers. 


Table 

10.2.1 

CAT 

H|«l 

L— 

L2bb 

a0 

M« 

*  10  3 

Skin  friction 

840101T 

264 

35.6 

145 

8 

2.9  -2.5 

37-59 

Preston  tube 

840102T 

1270 

177.3 

152 

8 

2.85-2.45 

34-58 

ti 

840103T 

1270 

354.7 

77 

16 

2.88-2. 18 

35-98 

« 

840  KMT 

360 

97.7 

156 

16 

2.88-2.14 

31-68 

" 

Here  Rj  denotes  the  radius  of  curvature,  Lt  the  length  of  the  curved  section,  L2  the  length 
of  the  flat  section,  and  a  the  turning  angle.  The  respective  turbulence  data  were  measured  by 
Jayarsm  et  al.  (1987)  and  by  Donovan  A  Saits  (1987).  Comparable  simple-wave  APG  studies  are 
those  of  Sturek  A  Danberg  (CAT7101)  and  Lade man  (CAT7803S). 

The  wall  static-pressure  and  the  akin-friction  distributions  for  the  four  teat  cases  are 
presented  in  figure  (10.2.1).  For  each  turning  angle  there  are  two  radii  of  curvature  and 
the  flow  reaches  about  the  same  pressure  level,  however  in  half  the  downstream  distance  for 


10-4 


the  smaller  radius.  This  results  in  a  steeper  streamwise  pressure  gradient  for  cases  840101 
and  840104  and  corresponding  effects  on  the  aeon  flow  and  turbulence  structure.  As  a  curved- 
wall  flow  there  are  normal  pressure  gradients  which,  at  these  Mach  numbers,  are  greater  than 
the  st reamwise  gradients.  In  the  region  affected  therefore,  integral  values  are  not  properly 
formed  and  no  precise  conclusions  should  be  based  on  their  values.  The  author  has  used  an 
"effective"  edge  state  as  suggested  by  Settles  (1975)  and  this  must  throw  in  doubt  both  the 
reduction  of  the  Preston  tube  data  -  the  Hopkins  fit  Keener  compressible  adaptation  requires 
edge-state  values  -  and  the  value  of  the  van  Driest  transformed  velocity  (see  S  9.2.3  above). 


P«  *  10' 4 
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Fig.  10.2.1  Wall  static  pressure  and  skin-friction  distributions  for  compressible  boundary 

layers  along  4  concave  compression  surfaces  with  recovery  sections  (Taylor  (1984). 


So  the  skin  friction  data  in  figure  (10.2.1),  in  the  affected  region,  should  be  regarded  with 
some  caution.  For  example,  there  is  hardly  any  difference  in  the  distributions  of  Tm  for  the 
two  angles  of  curvature  8°  and  16°  for  the  same  radius  of  1270  mm  for  values  of  x  downstream 

of  the  affected  region  on  the  8®  model.  The  pressure  distributions  of  course  differ,  but  the 
recovery  region  is  probably  not  long  enough  for  significant  differences  to  develop. 

The  wall -law  velocity  profiles,  using  the  author's  Preston-tube-derived  wall  shear  stress, 

show  a  considerable  degree  of 
scatter.  They  are  presented  in 
figures  (10.2.2  to  10.2.4)  for 
the  first  three  cases.  The 
initial  profiles  0101,  0201  and 
030 1  (ZPG)  agree  well  with  the 
logarithmic  law  while  the 
remainder  in  the  less  affected 
regions  tend  to  lie  low  by  up 
to  10*  implying  a  wall  shear 
stress  value  up  to  20*  too  high. 
This  may  be  a  consequence  of 
the  use  of  the  "effective"  edge 
state  when  reducing  the  Pres ton- 
tube  data  (S  9.2.3).  If  the 
Frei  fit  Thomann  (1980)  pressure 
gradient  correction  may  be  taken 
as  a  guide  to  the  validity  of 
Preston-tube  response  to  the 
streamwise  pressure  gradient,  the 
maximum  correction  would  be  3*. 
and  related  more  to  large  probe 
Fig.  10.2.2  Law  of  the  wall  for  a  compressible  boundary  size  (d+  =  1000)  than  to 

layer  along  a  concave  compression  surface  pressure  gradient  (alpha  max 

(origin  not  defined,  T^/Tr  *  1.10,  cf  from  5  x  10“3  on  model  1). 

Preston  tube).  Taylor  (1984). 


In  the  source  paper  and  when  shown  in  the  Jpen  literature,  these  profiles  have  been  presented 
with  wall-shear  values  deduced  by  fitting  the  data  to  the  wall  law,  and  therefore  initially 
appear  to  be  in  excellent  agreement.  We  d>  not  however,  for  the  reasons  outlined  in  §  9.2.3 
above,  feel  that  it  is  proper  to  rely  on  a  curve  fit  in  deducing  wall  shear  in  flows  with 
nonaal  pressure  gradients,  or  in  severely  non-equilibruB  conditions.  In  addition  we  Bust 
question  the  quality  of  the  fit,  as,  at  least  for  some  of  the  downstream  profiles,  (0314/5) 
the  profile  as  shown  has  points  below  the  wall  law  in  the  range  102  <  y+  <  103  which  if  they 
were  a  decade  further  in  would  appear  :o  indicate  the  sublayer  very  satisfactorily.  It  is  not 
possible  at  present  to  cone  to  any  rohist  conclusion  for  flows  of  this  type,  with  significant 
nonaal  pressure  gradients,  as  to  the  principal  source  of  the  discrepancies.  Both  the  profile 
and  the  Preston- tube  results  are  affected  by  the  choice  of  edge  state,  and  it  Bay  be  that  in 
reality  the  profiles  do  not  show  a  standard  log  law. 

It  is  evidently  desirable  to  use  a  freston  tube  calibration  function  which  is  not  D-state 

dependent,  such  as  that  proposed  by 
Bradshaw  &  Unsworth  (1973),  and  the 
low  value  of  the  wall  pressure 
gradient  paraaeter  suggests  that  the 
zero  pressure  gradient  calibration 
Bight  be  appropiate.  There  is  of 
course  no  ordered  information  as  to 
the  effect  of  curvature,  if  any,  or 
of  the  normal  pressure  gradient.  As 
for  the  log  law  we  have  plotted  only 
a  selection  of  data  for  the  outer 
law.  Again  the  measurements  show  a 
considerable  degree  of  scatter 
(figures  10.2.5  a  and  b)  without  a 
definitive  trend  indicating  the 
adverse  pressure  gradient.  Only 
profiles  0309  and  0312  in  figure 
(10.2.6)  exhibit  the  APG  behaviour 
in  that  they  lie  below  the  curve  for 
the  outer  law  in  a  ZPG.  The 
measurements  of  series  4  in  inner 
layer  coordinates  are  presented  in 
figure  (10.2.7).  They  show  the 
greatest  scatter  of  the  four  test 
Fig.  10.2.3  Law  of  the  wall  for  a  compressible  cases  of  CAT8401T  and  even  the 

boundary  layer  along  a  concave  compression  initial  profile  (401)  which  should 
surface  (origin  not  defined,  T^/Tp  *  1.10,  be  in  a  zero  pressure  gradient 
cf  from  Preston  tube).  Taylor  (1984).  shows  an  anoaalous  behaviour. 


u* 


Fig.  10.2.4  Law  of  the  wall  for  a  compressible  boundary  layer  along  a  concave  compression 

surface  (origin  not  defined,  T*/Tr  ■  1.10,  c#  from  Preston  tube).  Taylor  (1984). 
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Fig.  10.2.6  Outer  law  for  a  Fig.  10.2.7  Law  of  the  wall  i’or  a  compressible  boundary 

compressible  boundary  layer  along  a  concave  compression  surface 

layer  along  a  concave  (ot  Igin  not  defind,  T„,/Tr  »  1.10,  Cf  from 

compression  surface  Preston  tube).  Donovan  &  Smits  (1987). 

(origin  not  defined, 

Tu/Tr  *  1.10). 

Taylor  (1984). 
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10.3.  Compress ion-corner  flows 

Compress ion- corner  flows  considered  here  consist  of  a  group  of  tests  made  at  Princeton 
(Settles  et  al.  (1979)  and  Muck  et  al.  (1983),  the  latter  Measured  the  turbulence  field),  and 
tests  at  Poitiers  (Ardonceau  (1984)  and  Marseille  (Debieve  (1983)).  In  the  fonser  case 
(CAT  7904T)  the  Models  did  not  span  the  whole  tunnel  but  were  fitted  with  end  plates  to 
minimize  side-wall  boundary- layer  effects,  while  in  the  latter  two  flow  (CAT  8403T  and  8303T) 


the  ramps 

i  were  of 

tunnel  width. 

Table 

10.3.1 

CAT 

a* 

L, 

M <5 

BeaJ  x  10-> 

Skin  friction 

Separation 

8301  T 

6 

240 

2.33-2.0 

2. 3-3. 7 

Calculated 

Chew  (1978) 

no 

840201T 

8 

80 

2.24-1.86 

4-5.5  1 

Calculated 

no 

840202T 

13 

80 

2.26^:1.74 

3.5-8  j 

Fernholz(1971) 

incipient 

840203T 

16 

60 

2.23-1.58 

3.8-10 

— 

yes 

790401T 

8 

not 

applicable 

2.87 

35-47 

Preston  tube 

DO 

790402T 

8 

>107 

2.76-2.43 

24-56 

M  » 

no 

790403T 

16 

>140 

2.83-2.2 

32-63 

"  " 

yes 

790404T 

20 

>114 

2.79-2.0 

37-80 

yes 

790405T 

24 

>142 

2. 8-2. 7 

33-40 

M  » 

yes 

a  is  the 
from  the 

angle  of  inclination  to  the  tunnel  floor  and  La  the  length  of  the  surface  extending 
corner  (Lj  being  zero).  There  are  no  other  compression-corner  flows  in  the  three 

earlier  AGAHDographs  by  the  authors  which  could  be  used  for  comparison. 


In  |y/A*l  — — 


Fig.  10.3.1  Low  of  the  wall  lor  a  compressible  boundary 
layer  along  a  compression  surface  (6s) 
(adiabatic  wall,  origin  not  defined,  Cf  fro* 
correlation  of  Chew  (1978)).  Debieve  (1983). 


Fig.  10.3.2  Outer  law  for  a 
compressible 
boundary  layer 
along  a  compression 
surface  (6°). 
Debieve  (1983). 


We  begin  our  discussion  of  the  Mean  flow  profiles  with  CAT  8301T.  The  test  boundary  layer  was 
formed  on  the  floor  of  the  wind  tunnel,  remaining  under  ZPG  conditions  for  approximately  240  m 
after  leaving  the  ^czle  which  is  about  360  wm  axially  from  the  throat  to  the  exit  plane.  The 
turbulent  bourdary  layer  was  shown  to  be  fully  developed  with  a  normal  energy  spectrum. 
Transition  was  forced  by  a  roughness  strip  upstream  of  the  nozzle  throat.  The  profiles 
(Pitot  pressure,  static  ?  J"<’re,  and  total  temperature)  form  a  single  series  running  from 

the  undisturbed  upstream  *../  (01-06)  through  the  compression-corner  interaction  and  well 
downstream  into  the  /  flow.  Skin-friction  values  were  not  provided  for  all  profiles, 
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downstream  into  the  relaxing  flow.  Skin-friction  values  were  not  provided  for  all  profiles, 
so  the  first  and  the  last  profiles  which  could  be  plotted  were  03  and  16,  respectively.  We 
have  plotted  out  all  the  mean-flow  profiles  for  which  the  author  gave  us  a  value  of  the  wall 
shear  stress,  none  close  to  the  interaction,  and  it  is  not  surprising  that  they  fit  the 
logarithmic  law  (cf.  figure  10.3.1)  as  the  shear-stress  values  are  profile  derived.  The  outer 
region  of  the  downstream  profiles  shows  a  typical  APG  character,  inherited  from  the  earlier 
retardation  (figure  10.3.2).  The  last  profile  (0116)  has  not  completed  relaxation  towards  the 
ZPG  profile. 

As  in  the  previous  case  the  boundary  layers  of  CAT  8402T  developed  under  ZPG  conditions  on 
the  tunnel  floor  before  encountering  the  change  in  direction  at  the  compression  corner 
(X  *  0)  a  distance  546  am  from  the  throat  and  219  mo  from  the  exit  of  the  nozzle.  "The 
undisturbed  boundary  layer  was  found  to  be  fully  turbulent  without  any  tripping"  (Ardonceau 
1984).  Pitot-pressure  and  static  pressure  profiles  were  measured  normal  to  the  axis  in  the 
range  -  0.02  <  x  <  0.06  a  and  in  reducing  the  Pitot  data  the  author  assumed  constant  total 
temperature.  The  wall  pressure  data  were  derived  from  the  profile  data  adjacent  to  the  wall. 

We  present  two  of  the  three  sets  of  profiles  measured  in  turbulent  boundary  layers  experiencing 
a  shock-wave  structure  caused  by  a  compression  comer.  Series  01  is  wholly  attached,  series 
02  is  on  the  point  of  separation,  while  aeries  03  has  a  small  separation  region  in  the  corner. 
The  profiles  cover  the  flow  from  upstream  of  the  corner  to  about  8  undisturbed  boundary- layer 
thicknesses  downstream.  Unfortunately  there  are  no  measured  skin-friction  values,  preventing 
us  from  presenting  the  data  in  our  usual  way.  We  have  therefore  used  the  semi-empirical  skin 
friction  relationship  derived  for  ZPG  compressible  boundary  layers  (Femholz  1971)  in  order 
to  plot  the  initial  and  the  last  profiles  in  inner  and  outer-law  coordinates,  at  least  for 
series  01  and  02  which  have  no  separation. 


Figure  (10.3.3)  shows  the  first 
three  and  the  last  profile  for  the 
smallest  ramp  angle  of  8°.  The  two 
upstream  profiles  (0101  and  0102) 
follow  the  logarithmic  law  whereas 
the  downstream  profiles,  the  first 
and  the  last  of  the  deflected  flow, 
show  no  agreement  with  the  log 
law.  Although  the  calculated  skin 
friction  for  the  latter  profiles 
is  probably  incorrect,  experience 
with  this  type  of  flow  leads  us  to 
believe  that  the  logarithmic  law 
does  not  hold  in  the  shock  boundary- 
layer  interaction  and  that  the 
recovery  length  of  the  wall  is 
too  short  to  allow  the  profile  to 
readjust  to  "normal"  conditions. 

This  is  even  more  obvious  in  the 
case  of  the  stronger  flow 
deflection  (13°)  the  profiles  for 
which  are  shown  in  fig.  (10.3.4). 
Overtly  it  would  seem  that  the 
upstream  effect  on  the  pressure 
gradient  is  so  strong  that  all  the 
three  upstream  profiles  (0201-0203) 
are  affected.  It  would  have  been 
advantageous  if  velocity  data 
could  have  been  measured  closer  to  the  wall,  the  lowest  value  of  y+  being  only  about  130. 

This  is,  however,  very  difficult  for  any  optical  method  as  the  effective  position  of  measurement 
is  much  affected  by  refraction.  The  bad  agreement  at  low  values  of  y  may  be  caused  by  this 
effect.  Figure  (10.3.5)  presents  the  outer-law  plot  for  some  profiles  of  series  01  and  02  of 
CAT8402T. 

In  figure  (10.3.6)  we  wish  to  draw  attention  to  two  observations  which  may  be  exemplified  by 
the  flows  along  the  two  small  ramp  angles  6°  and  8°  of  CAT  830101T  and  840201T,  respectively: 
First,  the  large  difference  in  the  level  of  the  calculated  skin  friction  of  the  two  boundary 
layers  (full  circles  and  squares)  which  is  due  to  the  different  levels  of  total  pressure  and 
secondly,  the  close  agreement,  approximately  *  3%,  between  the  calculation  methods  of  Chew 
(1978)  and  Fernholz  (1971).  The  former  takes  into  account  the  APG,  using  the  Ludwieg  &  Tillmann 
relationship  modified  for  compressible  flow,  whereas  the  latter  is  strictly  valid  only  for 
ZPG.  This  is  not  fortuitous  but  can  be  explained  by  the  rather  weak  influence  of  small  and 
moderate  pressure  gradients  on  the  change  of  the  shape  parameter  Huk  which  is  used  in  Chew's 
formula.  Hl2fc  is  defined  as  the  ratio  of  displacement  and  momentum  loss  thickness  for  constant 
density. 


Fig.  10.3.3  Law  of  the  wall  for  a  compressible  boundary 
layer  along  a  compression  surface  (8°), 
(adiabatic  wall,  origin  not  defined,  Cf 
from  Fernholz  (1971)).  Ardonceau  (1984). 
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Fig.  10.3.4  Law  of  the  wall  for  a  compressible  boundary  layer  along  a  compression  corner 
(13*),  (adiabatic  wall,  origin  not  defined,  Cf  from  Fernholz  (1971)). 
Ardonceau  ( 1984 ) . 


Fig.  10.3.5  Outer  law  for  a  compressible  boundary  layer  along  a  compression  comer  (8*  and 
(13*).  Ardonceau  (1984). 


The  next  five  cases  form  the  mean 
flow  base  for  the  later  turbulence 
measurements  of  Smits  &  Muck  (1987). 
For  this  purpose  they  have  been 
recovered  from  the  archives  and 
extensively  reprocessed  for  this 
discussion.  They  were  not  available 
to  us  when  we  wrote  AO  263.  Since 
mean  flow  profiles  were  measured 
with  a  flattened  Pitot  probe  and  a 
static  pressure  probe  there  may  be 
deviations  due  to  probe  misalignment 
and  shock  interference.  For  further 
general  remarks  the  reader  is 
referred  to  the  editors'  coMents 
of  the  entry  in  CAT7904T. 


Fig.  10.3.6  Skin  friction  and  Cf -distributions  in  compressible  boundary  layers  along  two 
compression  corners  (Debieve  1983,  Ardonceau  1984). 

2.3  >  Mg  >  1.8,  5500  >  Re*a  >  2300. 
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Figure  (10.3.7)  presents  the  development  of  the  wall  shear  stress  as  reported  by  the  authors. 
The  figure  should  be  regarded  as  no  more  than  an  indication  of  the  overall  trends ,  as  the 
reduction  of  the  Preston  tube  data  was  made  with  the  Hopkins  &  Keener  (1966)  correlation, 

using  a  fictitious  edge 
state  (Settles  et  al.f 
1979)  assuming  free-atream 
total  pressure  and  wall 
static  pressure.  The  poor 
level  of  agreement  with 
the  log  law  in  the  figures 
below  is  at  least  in  part 
due  to  this  procedure,  but 
it  is  questionable  whether 
a  Preston  tube,  unless  so 
small  to  be  considered  a 
wall  device,  could  provide 
shear  stress  values  in  the 
interesting  part  of  these 
flow  fields  in  any  case 
(see  9  9.2.3/  9.2.4). 

Case  790403  shows  a  skin 
friction  distribution 
with  incipient  separation 
where  as  cases  04  and  05 
have  extended  separation 
regions  followed  by 
reattachment  and  a  rise  in 

Skin  friction  distributions  for  compressible  skin  friction  with  a 

boundary  layers  along  4  compression  corners  parallel  rise  in  wall 

(Cf  from  Pre3ton  tube):  Settles  (1979).  pressure. 

(Lines  are  for  clarification  only). 


Fig.  10.3.7 


Figure  (10.3.8)  shows  the  mean  velocity  profiles  upstream 


yut /v„  — - 


Fig.  10.3.8  Law  of  the  wall  for  a  compressible  boundary 
layer  along  a  compression  corner  (8°) 
(origin  not  defined,  T*/Tr  »  1.10,  Cf  from 
Preston  tube).  Settles  (1979). 


of  the  corner  (0101-0104)  and  two 
profiles  along  the  ramp,  with  the 
probes  aligned  to  the  tunnel  floor. 
In  the  upstream  region  agreement 
with  the  log  law  is  good  although 
discrepancies  begin  to  show  one 
decade  too  early  for  profile  0101. 
The  discrepancies  between  the 
profiles  and  the  log  law  are 
large  down  to  about  x  =  30  an  on 
the  ramp  and  then  suddenly 
decrease  as  is  shown  in  figure 
(10.3.9)  for  profiles  0207  and 
0208.  This  cannot  be  explained 
on  physical  reasons  and  we 
assume  that  the  "jump”  is  due 
to  an  erroneous  determination 
of  the  wall  shear  stress.  Series 
01  and  02  describe  the  same  flow. 
For  series  01  the  probes  are 
aligned  with  the  axis,  while  for 
02  they  are  parallel  to  the 
downstream  ramp  surface.  Some 
profiles  of  series  01  and  02  are 
presented  in  outei^layer 
coordinates  in  figures  (10.3.10 
a  and  b).  The  profiles  show  ZPG 
(0101  and  0103)  and  moderate  APG 
behaviour,  respectively. 
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Fig.  10.3.9 

Lam  of  the  wall  for  a 
compressible  boundary  layer 
along  a  compression  corner 
(8#),  (origin  not  defined, 
T«,/Tr  =  1.10,  Cf  from  Preaton 
tube).  Settles  (1979). 


Fig.  10.3.10  Outer  law  for  a  coagireaoible  boundary  layer  along  a  compression  corner  (8  ). 
Settles  (1979). 
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Fig.  10.3.11  Law  of  the  wall  for  a  compressible  boundary 
layer  along  a  coapresaion  corner  (16*), 
(origin  not  defined,  T,/Tr  =  1.10,  Cf  froa 
Preston  tube).  Settles  (1979). 


If  the  reap  angle  is  increased 
so  that  the  boundary  layer 
approaches  incipient  separation, 
the  effects  due  to  shock 
interference  and  separation 
become  so  severe  that  the 
logarithmic  law  breaks  down 
completely  (figures  10.3.11 
and  10.3.12).  The  profiles 
shown  are  either  upstream  or 
downstream  of  separation  and, 
although  the  latter  profiles 
are  in  the  reattached  flow, 
the  boundary  layer  did  not 
recover  to  its  "normal" 
behaviour,  although  a  recovery 
to  a  logarithmic  behaviour  can 
be  observed. 

It  is  impossible  at  present  to 
interpret  the  profiles  presented 
in  series  03  to  05  using  our 
usual  criteria.  For  this  we 
need  reliable  skin-friction 
measurements  and  profile  data 
obtained  by  a  non-intrusive 
measuring  technique. 


h 
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Fig.  10.3.12 

Law  of  the  wall  for  a 
compressible  boundary  layer 
along  a  compression  corner 
(20*) »  (origin  not  defined, 
Tw/Tr  -  1.10,  Cf  from  Preston 
tube).  Settles  (1979). 


10.4.  Quaai-noraal  shock  interactions 

Quasi-normal  shock  interactions  considered  here  consist  of  a  group  of  tests  made  at  ONERA 
(Delery  et  al.,  CAT  8002T,  with  an  asymmetric  configuration,  and  Copy  et  al.,  CAT  8003T,  for 
three  cases  with  the  shock  forming  after  a  slight  symmetric  constriction  in  the  tunnel),  and 
three  cases  selected  from  a  large  number  made  at  Cambridge  (Liu  fc  Squire  CAT  8501T)  on  both 
the  floor  and  the  roof  of  a  similar  configuration  to  that  used  by  Delery  et  al. .  Table  10. 4.1 
gives  the  main  parameters. 

Table  10.4.1 


CAT 

Md 

Refij  i 

«io-’ 

Skin  friction 

Separation 

800201 

1.1 

-  0.87 

7  - 

27 

Not  measured 

yes 

800301 

1.3 

-  0.80 

1  - 

10  1 

i  Calculated 

no 

800302 

1.3 

-  0.81 

2  - 

11  J 

|  from  Fernholz  (1971) 

incipient 

800303 

1.4 

-  0.81 

2  - 

18 

Not  measured 

yes 

850101 

1.1 

-  0.80 

5  - 

27 

yes 

850102 

1.2 

-  0.81 

7  - 

13 

Calculated 

from  Winter  (1970)*^ 

yes 

860105 

1.1 

-  0.75 

4  - 

14 

yes 

850106 

0.9 

-  0.75 

7  - 

13 

no 

*)  Probably  a  profile  fit 


Delery  et  al.  (1980)  used  a  LDV  to  measure  the  velocity  field  in  a  boundary  layer  interacting 
with  a  quasi-normal  shock  and  the  succeeding  recovery  process.  The  shock  was  strong  enough 
to  cause  the  boundary  layer  to  separate.  They  obtained  a  large  number  of  profiles,  at  cloae 
intervals,  which  are  plotted  in  full  in  the  source  paper.  We  show  here  (fig.  10.4.1)  the 
Mach-number  field  in  the  exterior  flow  as  deduced  by  them  from  an  interferograa,  with  the 
assumption  that  the  total  pressure  loss  in  the  shock  system  can  be  neglected.  With  this 
assisption,  the  lines  of  constant  Mach  number  are  isobars.  The  figure  illustrates  well  the 
complexity  of  this  type  of  flow,  but  also  indicates  that,  over  most  of  the' flow  field,  the 
normal  pressure  gradients  are  not  large,  so  that  some  of  the  difficulties  inherent  in  making 
mean  flow  measurements  in  compression-corner  flows  are  avoided.  All  the  measurements  were 
Don-intrusive,  so  that  the  data  are  not  functionally  complete,  lacking  pressure  or  density 
information  in  the  boundary  layer.  More  seriously,  there  are  no  wall  sheen-stress  data  ao 
that  we  have  not  been  able  to  make  our  standard  velocity  profile  comparisons.  The  first 
traverse  was  at  X  -  270  mt,  behind  the  leading  branch  of  the  shock  and  with  the  recirculation 
region  already  established. 
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Fig.  10.4.1  Mach- number  field  of  a  quasi- 
normal  shock/boundary- layer 
interaction  as  deduced  froa  an 
interferogram.  Delery  et  al. 
(CAT8002T),  copied  froa  author's 
Fig.  6. 


The  investigation  of  Copy  fc  Reisz  (CAT  8003T)  supplements  that  of  Delery  et  al.  described 
above.  Measurements  started  upstream  of  the  wall  pressure  ainiaua  in  test  boundary  layers  on 
the  tunnel  floor  formed  by  convexly  curved  inserts  let  into  the  floor  and  roof.  The  throat 
was  approximately  0.2  m  from  the  start  of  the  parallel  part  of  the  tunnel.  Since  no  separation 
was  observed  for  aeries  01  and  02  we  have  calculated  skin-friction  values  using  the  calculation 
method  of  Feruholz  (1971)  in  order  to  be  able  to  plot  the  velocity  profiles  in  inner  and  outer 
coordinates  in  the  recovery  region  downstream  of  the  shock.  This  is  the  region  where  the  wall 
static  pressure  remains  constant  (fig.  10.4.2).  The  inner-layer  plot  (fig.  10.4.3)  shows 
qualitatively  that  the  velocity  distribution  recovers  from  the  highly  disturbed  profile  0116 
to  profile  0120  which  follows  a  straight  line  at  least  in  a  region  350  <  y+  <  103,  however, 
it  would  not  be  wise  to  claim  that  it  is  returning  to  the  logarithmic  law.  The  poor  positioning 
of  the  curves  in  relation  to  the  log  law  may  well  be  a  result  of  using  a  ZPG  skin-friction 

correlation,  but  the  shape  of 
the  curves  suggests  that  this  is 
not  the  sole  problem.  Some  part 
of  the  variation  at  low  y+  may 
be  due  to  refraction.  The  same 
overal  picture  holds  for  the 
measurements  of  series  02  in 
figure  (10.4.4).  The  outer  law 
plot  (fig.  10.4.5)  is  much  clearer 
since  the  data  do  not  suffer  from 
wall  effects.  Here  we  observe 
clearly  the  recovery  of  an  APG 
profile  to  a  ZPG  velocity 
distribution.  Series  03  of 
CAT8003  includes  a  separation 
region.  For  this  reason  recovery 
to  a  ZPG  boundary  layer  must 
take  much  longer  so  that  it  was 
Fig.  10.4.2  Wall-pressure  distributions  for  3  shock  considered  inappropriate  to 

boundary- layer  interactions  (adiabatic  wall  calculate  skin-friction  values 


origin  not  defined).  Copy  &  Reisz  (1980).  for  this  case. 


Fig.  10.4.3 

Law  of  the  wall  for  a 
compressible  boundary  layer 
downstream  of  a  quasi-normal 
shock  interaction  (adiabatic 
wall,  My  »  0.8). 

Copy  &  Reisz  (1980). 
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Fig.  10.4.4  Law  of  the  wall  for  a 
compressible  boundary  layer  downs tream 
of  a  quasi-normal  shock  interaction 
(adiabatic  wall,  *  0.8). 

Copy  &  Reisz  (1980). 


Fig.  10.4.5  Outer  law  for  a  compressible  boundary  layer  downstream  of  a  quasi- normal  shock 
interaction  (adiabatic  wall,  Mg  «  0.8).  Copy  &  Reisz  (1980). 


Liu  &  Squire  (1985)  performed  their  investigation  of  shock/boundary*- layer  interactions  at 
transonic  speeds.  Five  circular  arc  models  could  be  mounted  in  the  tunnel  floor  to  fora  bumps. 
The  origin  x  =  0  is  set  at  mid  chord  and  the  maximum  height  of  the  bump,  708  mm  downstream  of 
the  start  of  the  flat  part  of  the  floor.  The  flow  approaching  the  test  area  is  subsonic,  so 
there  are  no  incoming  standing  waves.  It  accelerates  over  the  bump  and  at  sufficiently  low 
back  pressure  is  retarded  by  a  shock  wave.  The  test  region  extended  over  the  range  - 
60  <  x  <  215  mo.  Pitot  profiles  were,  in  general,  measured  upstream  of  the  interaction  and  in 
the  recovery  region  downstream  for  both  the  boundary  layers  on  the  floor  with  bump  (series 
01,  03,  and  05)  and  on  the  flat  ceiling  (series  02,  04,  and  06).  It  is  unfortunate  again  that 
no  efforts  were  made  to  determine  the  wall  shear  stress  other  than  by  deducing  it  from  the 
profiles.  We  show  (fig.  10.4.6)  the  profiles  of  series  03,  for  a  flow  on  the  tunnel  floor,  on 
and  downstream  of  the  bump.  They  are  plotted  in  wall  coordinates,  using  skin-friction  values 
corresponding  to  those  shown  in  figure  18  of  Liu  &  Squire  (1988).  The  fit  is  not  of  a  quality 
to  justify  us  in  presenting  wall  shear  stress  as  data  and  only  general  qualitative  conclusions 
can  be  drawn.  The  first  two  profiles  01,  02,  show  strongly  accelerated  characteristics,  as 
might  be  expected.  Profile  03  is  at  the  X-value  stated  elsewhere  as  the  separation  point,  so 
that  its  wayward  character  is  not  surprising.  The  remaining  four  profiles  are  downstream  of 
the  reattachment  point  and  display  a  wake  component  which  is  progressively  falling  as  the 
boundary  layer  relaxes  after  the  interaction.  Figure  (10.4.7)  shows  a  wall-law  plot  for 
series  02,  on  the  flat  tunnel  ceiling.  The  disturbance  is  again  large  enough  to  cause 
separation,  but  it  occurs  further  downstream  than  on  the  bump.  Here  there  are  four  upstream 
profiles  showing  strongly  accelerated  characteristics  followed  by  a  single  profile  downstream 
of  the  reattachment.  The  outer-law  plot,  figure  (10.4.8)  again  shows  this  clearly,  while  both 
presentations  emphasise  the  enormous  change  in  profile  shape  which  occurs  in  the  interaction. 


Fig-  10.4.6  Law  of  the  wall  for  a  compressible  boundary  layer  with  a  quasi-normal  shock 
interaction  on  the  curved  tunnel  floor  (adiabatic  wall,  origin  not  defined) 
Liu  &  Squire  (1986). 


Fig.  10.4.7  Law  of  the  wall  for  a  compressible  boundary  layer  with  a  quasi-normal  shock 
interaction  on  the  flat  tunnel  ceiling  (origin  not  defined,  rm  from  profile 
(authors),  adiabatic  wall).  Liu  &  Squire  (1985). 
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The  data  given  in  the  entry  for  CAT8501T  fora  only-  a  a  sail  part  of  those  measured.  In  all  68 
configurations  were  tested,  63  with  detailed  wall  pressure  measurements  and  Holograms  giving 
the  inviscid  density  distributions.  Of  these  16  included  profile  measurements  (32  series  in 
all). 

Conclusions: 

Cospared  with  AG  223  and  263  the  number  of  experiments  with  strong  pressure  gradients  has 
risen  considerably.  Unfortunately  most  of  the  data  sets  are  incomplete  in  that  they  are 
either  functionally  incomplete,  requiring  either  pressure  or  density  information,  or  lacking 
measurements  of  skin  friction  or  both. 

With  the  present  experimental  information  it  may  be  stated  however,  that  the  logarithmic  law 
of  the  wall  does  not  appear  to  hold  in  the  region  of  the  near-wall  shock/  boundary  layer 
interaction  if  no  separation  occurs  and  much  further  downstream  of  reattechnent  if  the  flow 
was  separated. 


A  discussion  of  turbulence  data  in  compressible  boundary  layers  may  be  found  in  Fernholz  & 
Finley  (1981)  and  in  Delery  &  Marvin  (1986),  the  latter  authors  dealing  only  with  turbulence 
in  shock/  boundary- layer  interactions.  Fernholz  &  Finley  (1981)  -  henceforth  denoted  by  AG 
263  -  have  stated  why  investigations  of  the  turbulence  structure  are  necessary.  We  are 
interested  in  the 

-  changes  of  the  turbulence  structure  due  to  compressibility 

-  changes  due  to  pressure  gradients 

-  changes  due  to  shock/boundary- layer  interaction  (see  ch.  9) 

-  relative  order  of  magnitude  of  the  Reynolds  normal  and  shear-stress  components. 

AG  263  further  provides  surveys  listing  investigations  in  which  measurements  of  single 
components  of  fluctuating  quantities  (table  3.1)  and  of  Reynolds  shear  stresses  (table  4.3.1) 
have  been  performed.  These  liata  will  be  supplemented  below. 

Chapter  3  of  AG  263  discusses  in  detail  scaling  velocities  and  scaling  lengths  so  that  a 
discussion  will  not  be  repeated  here.  Wherever  possible  we  have  used  either  inner-layer 
coordinates  (v«/ur)  as  the  characteristic  length  and  the  skin-friction  velocity  uT  as  the 
characteristic  velocity  or  outer-layer  coordinates  ((u*$-u*)/  uT  and  the  Rotta-Clauser 
version  for  compressible  boundary  layers).  In  these  cases  -  and  they  are  the  majority  -  where 
skin-friction  data  were  not  available  or  unreliable,  velocities  were  made  dimensionless  by  a 
constant  reference  velocity,  either  uT  or  uj  in  the  upstream  ZPG  region,  and  plotted  against 
y.  As  discussed  in  AG  263  we  have  rigidly  excluded  the  boundary- layer  thickness  6  as  a  scaling 
length,  all  the  more  since  we  deal  mainly  with  shock/  boundary- layer  interactions. 


We  begin  our  survey  with  table  (11.1)  Hating  investigations  in  which  measurements  of 
fluctuating  components  were  performed.  Their  number  is  rather  small  but  in  comparison  with 
AG  263  (table  3.1)  there  are  several  sequences  of  profiles  showing  the  development  of  Reynolds 
normal  and  shear  stresses  upstream  and  downstream  of  a  shock/boundary  layer  interaction  along 
an  adiabatic  wall. 

Table  11. 1 
Number  of  profiles 


Author 

M* 

X 

Delery,  Copy, 
Reisz  (1980) 

CAT  8002T 

1.4 

Copy  A  Reisz 
(1980) 

CAT  8Q03T 

a 

1.3 

Debieve  (1983) 
CAT  8301T 

a 

2.3 

Ardonceau 

(1984) 

CAT  8402T 

a 

2.3 

Fernando  & 

Saits  (1986) 

CAT  8601T 

2.9 

Duasauge  A 
Gaviglio  (1986) 
CAT  8602T 

2.25 

Spina  A  Saits 
(1986) 

CAT  8603T 

2.9 

Jayaraa  et  al. 
(1987) 

CAT  8702T 

2.9 
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The  profile*  denoted  by  an  asterisk  were  brought  to  our  attention  only  after  the  figures  for 
chapter  11  had  been  completed,  those  denoted  by  two  asteriks  are  not  available  in  tabulated 
for*.  They  are  therefore  included  on  the  tape  and  further  details  nay  be  found  in  the  following 
references: 

For  CAT8601T  see  Fernando  (1988) 

CAT8603T  see  Spina  (1988) 

CAT8702T  see  Donovan  (1988). 

There  exist  also  two-point  correlation  data  Ruu(r, 0,0, t) ,  RUu(0»r, 0,r) ,  and  Ruu(0«0,r,r) 
available  from  Spina  (ZPG)  and  Donovan  (APG)  as  well  as  ROu(0,r,0,T)  and  Ruu(0,0,r,T)  for 
Fernando. 


11.2.  Reynolds  normal  stresses 

The  investigations  of  Spina  &  Saits  (1986)  in  a  ZPG  and  of  Fernando  &  Saits  (1986)  in  an  APG 
boundary  layer  in  the  same  test  section  with  the  same  upstream  conditions  permit  an  interesting 
comparison  between  the  distributions  of  the  maxima  of  the  Reynolds  normal  stresses  as  they 
develop  in  stream  direction  (fig.  11.2.1).  For  the  ZPG  case  the  u‘ 2 -profiles  display  variations 
that  lie  within  limits  of  less  than  *  10%  over  the  flow  range  under  investigation.  The  adverse 
pressure  gradient,  however,  leads  to  a  rise  of  [(p  u'  Qm  uf)  of  about  300%  at  roughly 

the  position  of  the  maximum  of  the  wall  static  pressure  which  itself  increases  by  50%  compared 
with  its  level  at  the  first  measuring  station.  Since  the  ZPG  upstream  level  for  the  APG  flow 
is  not  given  and  since  both  flows  have  the  same  total  pressure  level  it  is  reasonable  to  take 
the  upstream  ZPG  flow  as  representative  also  for  the  APG  case.  The  maximum  static  pressure  rise 
is  then  100%.  Figure  (11.2.2)  shows  distributions  of  the  dimensionless  Reynolds  normal  stress 
in  inner-layer  coordinates  for  the  ZPG  boundary  layer.  They  display  a  “similar”  behaviour  which 
is  not  surprising  since  the  Mach  number  remains  constant  and  the  Reynolds  number  hardly  changes. 
Unfortunately  the  unavoidable  sturdy  design  of  the  hot-wire  probes  does  not  permit  an  extension 
of  the  measurements  closer  to  the  wall  so  that  the  lowest  value  of  y+  is  only  1000.  This  is  a 
very  high  value  compared  with  measurements  in  subsonic  boundary  layers.  This  plot  reveals  an 
important  deficiency  of  many  fluctuation  measurements  presented  in  this  chapter  in  that  the 
maxima  shown  in  the  various  diagrams  are  the  maxima  measured  in  the  experiment  but  are  often 
not  the  true  maxima.  These  absolute  maxima  lie  closer  to  the  wall  and  are  thus  out  of  the  range 
of  present  measuring  techniques.  This  warning  should  be  heeded  when  drawing  conclusions  from 
the  fluctuation  data.  One  example  for  this  proposition  are  the  data  of  Kussoy  et  al.  (CAT7802S) 
which  were  measured  at  similar  Mach  and  Reynolds  numbers  (Mg  »  2.3  and  Reg,  s  16  x  103).  They 
show  qualitatively  the  same  behaviour  but  extend  closer  to  the  wall,  giving  a  value  of  (p  u‘ 1 / 
0*  ua)  =  4  at  y+  of  about  200  (AG  263,  fig.  3.1.1).  Figure  (11.2.3)  presents  two  of  the 
profiles  in  outer-layer  coordinates  y/A*  where  A*  is  the  transformed  Rotta-Clauser  length.  In 
order  to  show  the  influence  of  the  density  distribution  we  have  also  plotted  the  specific 
Reynolds  normal  stress  u'  a/u£  which  is  lower  than  the  Reynolds  normal  stress.  The  trends  of 
the  ZPG  data  of  Spina  fc  Smits  and  of  Kussoy  at  al.  differ,  however,  as  is  shown  more  clearly 
when  plotted  in  outer^layer  coordinates  (AG  263,  fig.  3.1.3).  The  Kuasoy-data  display  a 
plateau  at  about  2  in  the  range  2  >  y/A*  >  0.5  before  they  rise  again  towards  the  wall. 


'  -  - . 

s  •  p„  ■  10  *■  Nm  1 

l  <4 

1  -  CAT  8603  T  ZPG 
—  CAT  8601  T  APG 

$ 

lltnos  only  indicote  the  trend) 

o 

-  3 

• 

f  , - - - - T-* 

•  • 

V  1  ..  *  .  1*  ....  m  ' 

*■  I  . 

1  i  1  ! 

_ L__^ _ 1 _ . _ 1 _ . _ i _ . _ 1 _ 

1000 


1200  1300 

x  mm  — ■* 


1500 


Fig.  11.2.1 

Distributions  of  wall  static 
pressure  and  of  the  maximum  of  the 
Reynolds  normal  stress  in  a  ZPG 
and  an  APG  compressible  turbulent 
boundary  layer  (T*/Tr  =  1.10, 
(origin  not  defined).  Spina  fc  Smits 
(1986),  Fernando  &  Smits  (1986). 
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Fig.  11.2.2  Distributions  of  the  Reynolds 

normal  stress  in  a  compressible 
boundary  layer  with  zero  pressure 
gradient  (T»/Tr  •  1.10,  origin 
not  defined,  Cf  from  Preston 
tube).  Spina  &  Saits  (1986). 

Inner  scaling. 


Fig.  11.2.3  Distributions  of  the  Reynolds 

normal  stress  in  a  compressible 
boundary  layer  with  zero  pressure 
gradient  (T./Tr  *  1.10,  origin 
not  defined,  Cf  from  Preston 
tube).  Spina  fc  Smits  (1986). 

Outer  scaling. 


There  are  several  experiments  where  skin 
friction  has  not  been  determined  and  then  it  is 
impossible  to  present  data  in  inner  and  outer  - 
layer  coordinates.  In  order  to  set  some  sort  of 
a  standard  for  comparison,  we  present  the  ZPG 
data  of  Spina  fc  Smits  in  a  form  (fig.  11.2.4) 
where  (u13)1/2  is  made  dimensionless  by  an 
upstream  undisturbed  velocity  ujnf  plotted 
against  the  wall  normal  y.  This  procedure 
avoids  an  erroneous  dimensionless  presentation 
as  a  function  of,  for  example,  y/6  since  6 
cannot  be  defined  properly  in  compressible 
boundary  layers  with  pressure  gradients.  It 
also  shows  the  streamwise  development  of  the 
quantity  in  question  in  the  boundary  layer. 


fig.  11.2.4  Distributions  of  the  seen  square  of  the  fluctuating  velocity  u1  in  a  coapreasible 
boundary  layer  with  tero  pressure  gradient  (T./Tr  *  1.10,  origin  not  defined, 
ut„r  =  669.4  me-1).  Spina  l  Saits  (1986). 


The  discussion  of  the  subsequent  data  of  section  11  will  be  concerned  with  the  behaviour  of 
fluctuating  quantities  in  AF3  compressible  turbulent  boundary  layers.  In  AO  263  we  remarked 
that  such  a  discussion  can  only  deal  with  case  studies,  and  unfortunately,  we  have  nothing 
to  add  to  this  coaawnt  today.  It  is  appropriate  therefore  to  quote  the  reasons  given  in 
S  3.2  of  the  earlier  volume.  "The  two  reasons  for  this  are  the  scarcity  of  date  and  the  lack 
of  a  suitable  pressure- gradient  parameter  which  could  be  used  to  compare  date  from  different 
experiments.  Such  a  pressure-gradient  parameter  would  have  to  take  account  of  boundary- layer 
flows  with  both  streamwise  and  normal  pressure  gradients,  and  of  flows  where  both  pressure 
gradients  ears  present."  Such  a  pressure-gradient  parameter  does  not  yet  exist,  however,  and 
none  of  the  parameters  which  can  be  found  in  the  literature  has  much  meaning  in  the  flows 
discussed  below. 

Me  continue  the  discussion  of  the  behaviour  of  Reynolds  normal  stresses  with  the  APQ  boundary 
layer  of  Fernando  4  Saits  (1986),  CAT  8601T,  with  the  flat  wall  static-pressure  distribution 
as  given  in  figure  (11.2.1).  Since  the  first  two  profiles  in  figure  (11.2.6)  are  already 
affected  by  the  preaaure  rise,  profile  (0102)  has  values  which  are  about  twice  as  high  as 
those  in  the  ZPQ  case  (fig.  11.2.2),  and  the  largest  values  of  t  uvffs  uf  occur  close  to  the 
maximum  of  the  pressure  gradient,  and  upstream  of  the  maximum  wall  pressure.  This  agrees  with 
the  comparable  APQ  boundary  layer  of  Kuasoy  et  ml.  (1978),  CAT  7802S,  in  figure  (3.2.1)  of 
AQ  263,  although  there  the  maximal  value  of  (f  u'  */Pw  uf )  is  about  11  compared  with  9  in 
figure  (11.2.6).  For  a  comparison  of  the  same  profiles  in  outer-layer  coordinates  the  reader 
is  referred  to  figure  (11.2.6)  and  (3.2.3)  in  AQ  263). 
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Fig.  11.2.5 

Distributions  of  the  Reynolds  normal 
stress  in  a  compressible  boundary 
layer  with  cun  adverse  pressure  gradient 
(T»/Tr  »  1.10,  origin  not  defined,  Cf 
from  Preston  tube).  Fernando  &  Smits 
(1986). 


Fig.  11.2.6 

Distributions  of  the  Reynolds  normal 
stress  in  a  compressible  boundary 
layer  with  an  adverse  pressure 
gradient  (Tn,/Tr  »  1.10,  origin  not 
defined,  Cf  from  Preston  tube). 
Fernando  &  Smits  (1986). 


Figure  (11.2.7)  shows  the  absolute  change  in  (u1*)*/*  caused  by  the  rise  in  pressure  and 
should  be  compared  with  the  ZPG  data  in  fig.  (11.2.4).  The  use  of  a  common  scaling  quantity 
makes  it  evident  that  the  rise  is  surprisingly  small. 
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Fig.  11.2.7 

Distributions  of  the  root  mean 
square  of  the  fluctuating  velocity 
u*  in  a  compressible  boundary 
layer  with  an  adverse  pressure 
gradient  (T«,/Tr  *  1.10,  origin 
not  defined,  uinf  =  569.4  ■*). 
Fernando  &  Smits  (1986). 
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The  development  of  the  few  FPQ  profiles  of  u'  J  seasured  by  Dusseuge  It  Gaviglio  (1986)  is 
shown  in  figure  (11.2.8).  Compared  with  figure  (11.2.3)  the  ZPG  profile  (0108)  reaches  the 
same  peek  value,  (u1 */u| ' „K  a  2.2.  The  remaining  three  distributions  display  much  scatter 
but  show  distinctly  the  uaaping  influence  of  the  FPG  on  the  turbulence  structure.  There  are 
no  comparable  measurements  except  three  profiles  measured  by  Kusaoy  et  al.  (CAT7802S)  in  a 
boundary  layer  with  flow  acceleration  downstream  of  a  severe  pressure  rise. 


11.2.8  Distributions  of  the  specific 
Reynolds  normal  stress  in  a 
compressible  boundary  layer 
with  a  rapid  expansion,  (origin 
not  defined,  adiabatic  wall, 
uT  from  Chew  (1978)). 

Dussauge  &  Qaviglio  (1986). 
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Fig.  11.2.9  Distributions  of  the  intensity 
of  the  temperature  fluctuation 
in  a  compressible  boundary 
layer  with  a  rapid  expansion, 
(origin  not  defined,  adiabatic 
wall). 

Dussauge  &  Gaviglio  (1986). 


Intensity  of  the  temperature  fluctuations 

These  ore  the  only  measurements  known  to  us  where  distributions  of  the  temperature  fluctuation 
intensity  in  a  favourable  pressure  gradient  have  been  obtained  (fig.  11.2.9).  The  ZPG  profile 
(0108)  may  be  compared  with  that  measured  by  Kistler  (58030101  fig.  3.4.2,  AG  263)  which  shows 
a  qualitatively  similar  behaviour.  Compared  with  the  ZPG  profile  we  notice  the  same  damping 
influence  as  in  figure  (11.2.8). 

Curved  ramp  flows 

As  in  chapter  10  we  discuss  first  the  influence  of  the  curved  ramp  on  the  turbulence  field 
before  we  discuss  ahock/boundary- layer  interactions.  The  turbulence  measurements  were  performed 
by  Jayaram  et  al.  (1987)  using  the  respective  mean  flow  profiles  of  Taylor  (1984)  (cf.  section 
(10.2)  and  table  (10.2.1)).  The  respective  distributions  of  static  pressure  and  wall  shear 
stress  in  streamwise  direction  may  be  found  in  figure  (10.2.1).  A  comparison  with  the  APG  flow 
of  Fernando  &  Smits  (fig.  11.2.1)  reveals  that  this  flow  and  the  first  two  compress ion-surf ace 
flows  (870201/03T)  and  (870202/04T)  reach  about  the  same  overall  pressure  level  only  at 
different  downstream  positions.  These  three  flows  may  therefore  be  interesting  test  cases  for 
numerical  computations.  The  maximum  values  of  the  specific  Reynolds  normal  stress  were  made 
dimensionless  by  the  ZPG  upstream  value  of  the  skin-friction  velocity  urr#f  and  plotted 
against  x  in  figure  (11.2.10).  The  distributions  of  (u' a)m»x/ufr*f  reflect  the  influence  of 
the  pressure  distribution  in  the  stream  direction.  There  is  little  difference  in  the  value  of 
the  “absolute"  maximum  nor  in  its  x-position  for  cases  860101T  and  870203T.  Since  the 
curvature  of  case  870204T  is  smaller  than  that  of  870203T,  the  absolute  maximum  is  w 
further  downstream.  In  none  of  these  cases  separation  was  observed. 

Profiles  0303  to  0311  (fig.  11.2.11)  show  the  development  of  (<?  u*  Vp*  uf)  along  one  of  the 
ramp  flows.  Station  03  is  upstream  of  the  start  of  the  APG  and  at  05  the  compression  has  yet 
to  spread  significantly  up  into  the  boundary  layer,  so  the  profiles  are  similar  to  those  in 
figure  (11.2.2).  At  06  the  compression  has  reached  about  6/2,  and  the  profile  is  showing  an 
APG  reaction.  The  curvature  ceases  at  x  =  35.4  fli  but  the  compression  continues  to  propagate 
in  the  outer  part  of  the  boundary  layer,  finally  ceasing  before  09.  The  turbulence  levels 
continue  to  increase  until  a  fall  appears  within  the  layer  for  the  last  station  0311.  The 
maximum  value  of  (p  u' 2/Qm  u|)  is  approximately  8  for  profile  0309,  about  three  times  the 
"measured"  ZPG  maximum  value  and  about  the  same  aa  for  the  reflected  wave  case  presented  in 
figure  (11.2.5).  Again  we  note  that  the  minimum  value  of  y+  is  about  1400  which  is  very  high. 
Without  taking  into  account  the  variation  of  the  density  across  the  boundary  layer  (u' a/uf ) 
increases  by  a  factor  of  4  (fig.  11.2.12).  Such  a  plot  is  needed  for  comparison  with 
measurements,  e.g.  obtained  by  LDA,  where  no  density  distributions  were  obtained. 
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Fig.  11.2.10  Distributions  of  the  maxima  of  the  specific  Reynolds  normal  stress  in  a 

compressible  boundary  layer  in  an  APG  and  along  two  concave  compression  surfaces 
with  a  recovery  section  (T*/Tr  *  1.10,  origin  not  defined).  Fernando  &  Smits 
(1986),  Jayaram  et  al.  (1987). 


Fig.  11.2.11 

Distributions  of  the  Reynolds  normal 
stress  in  a  compressible  boundary  layer 
along  a  concave  compression  surface  with  a 
recovery  section  (Tm/Tr  *  1.10,  origin  not 
defined,  Cf  from  Preston  tube).  Jayaram 
et  al.  (1987). 


Fig.  11.2.12 

Distributions  of  the  specific  Reynolds 
normal  stress  in  a  compressible  boundary 
layer  along  a  concave  compression  surface 
with  a  recovery  section  (Tw/Tr  »  1.10, 
origin  not  defined,  Cf  from  Preston  tube). 
Jayaram  et  al.  (1987). 
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On  the  less  acutely  curved  reap 
(870202/04T,  mean  flow  840102T)  the 
changes  occur  sore  gradually,  the 
curvature  ending  between  stations  10  and 
13.  The  peak  values  are  about  the  same 
(compare  fig.  11.2.11  and  fig.  11.2.13), 
and  again  the  start  of  the  relaxation  can 
be  seen  in  the  last  profiles.  Figure 
(11.2. 14)  shows  the  distributions  of 
(u'  2/uf )  for  comparison.  It  would  be 
important  to  know  the  distributions  of 
the  other  two  components  p  v‘  2  and  p  w' 2 
in  order  to  prove  the  expected  large 
anisotropy  of  the  turbulence  structure. 
The  latter  two  components  were  not 
measured  in  this  experiment  but  the  data 
of  Kussoy  et  al.  (1978)  (AG  263,  figs. 
3.2.4  and  3.2.5)  allow  an  estimate.  The 
ratio  between  the  maximum  values  of  the 
three  components  p  u'  2,  p  w’ 2,  and  p  v'  2 
shown  there  is  about  14:4:3  (see  also  ch. 
5  for  possible  effects  of  bandwidth) . 


Fig.  11.2.13  Distributions  of  the  Reynolds  normal  stress  in  a  compressible  boundary  layer 
along  a  concave  compression  surface  with  a  recovery  section  (T«,/Tr  ts  1.1 0, 
origin  not  defined).  Jayaram  et  al.  (1987). 


Fig.  11.2.14 

Distributions  of  the  specific  Reynolds 
normal  stress  in  a  compressible  boundary 
layer  along  a  concave  compression  surface 
with  a  recovery  section  (T»/Tr  *  1.10, 
origin  not  defined).  Jayaram  et  al.  (1987). 


Larger  pressure  changes  were  generated  in 
the  16*  curved- ramp  flows  where  some 
turbulence  data  were  measured  by  Donovan  & 
Smits  (1987).  For  a  comparison  which  avoids 
the  measured  skin-friction  values,  u' 2  is 
plotted  against  y  in  figure  (11.2.15). 
Comparing  (11.2.15)  with  (11.2.7)  shows 
that  the  level  of  (u' a)1/2  increases  by  at 
least  50%  if  the  angle  of  the  compression 
corner  is  changed  from  8°  to  16°,  the  APG 
reflected  wave  case  and  the  8*  curved 
compression  surface  being  little  different 
from  each  other.  The  differences  between 
the  three  profiles  are  still  more  distinct 
if  p  u'  2  is  plotted  in  inner-law  coordinates 
(fig.  11.2.16)  but  here  we  cannot  exclude 
problems  with  the  measurement  of  uT. 


y  mm  — — 

Fig.  11.2.16  Distributions  of  the  root  mean  square  of  the  fluctuating  velocity  u‘  in  a 

compressible  boundary  layer  long  a  concave  compression  surface  with  a  recovery 
section  (T«/Tr  *  1.10,  origin  not  defined,  uinf  =  519.6  ms’1)*  Donovan  &  Smits 
(1987). 
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Fig.  11.2.16 

Distributions  of  the  Reynolds  nonsal  stress  in 
a  compressible  boundary  layer  along  a  concave 
compression  surface  with  a  recovery  section 
(T*/Tr  «  1.10,  origin  not  defined,  cf  from 
Preston  tube).  Jayaram  et  al.  (1987). 


Shock/bounda 


layer  interactions 


a)  Compression  corner  flows 


As  was  indicated  in  table  (11. 1)  there  are  three  experimental  investigations  of  the  turbulence 
structure  in  compressible  boundary  layers  along  compression  corners:  Debieve  (1983),  Ardonceau 
(1984),  ard  Muck  et  al.  (1984,  1987).  The  turbulence  data  of  Debieve  is  restricted  in  quantity, 
and  we  present  only  copies  of  two  figures  from  the  source  paper  in  the  entry  (CAT  8301  T) . 


We  begin  the  discussion  of  the  cases 
investigated  by  Ardonceau  and  the 
Princeton  group  by  presenting  their 
distributions  of  the  wall  static 
pressure  (fig.  11.2.17)  with  x  =  0  as 
the  start  of  the  ramp.  Figures  (11.2.18 
and  11.2.19)  show  the  development  of 
the  maxima  of  the  specific  Reynolds 
normal  stresses.  The  values  of  u'  *n,ax 
were  made  dimens ions less  by  ufref 
which  is  the  measured  (Princeton)  or 
calculated  (Ardonceau)  skin-friction 
velocity  upstream  of  the  shock 
interaction.  For  the  two  8®  ramps 
there  appears  to  be  a  long  plateau  - 
despite  some  scatter  in  the  data  - 
after  the  almost  immediate  sharp 
increase  at  the  comer.  Lines  were 
Fig.  11.2.17  Wall  static  pressure  distributions  in  inserted  only  to  indicate  the  trend. 

compression-corner  flows  (nearly  Since  the  Mach-number  range  of  the  two 

adiabatic  wall,  origin  not  defined).  experiments  is  approximately  the  same 

and  uTrsf  differs  only  by  10*,  we  have 

_  no  explanation  for  the  discrepancy 

between  the  peak  levels  of  (u‘ *}max/ufr«f  which  is  60*.  It  is  unlikely  that  this  is  due  to' a 
Reynolds-number  effect  -  the  Reynolds  numbers  differ  by  about  one  order  of  magnitude  -  but 
more  probably  due  to  the  different  measuring  techniques  LDA  and  hot-wire  anemometry.  These 
discrepancies  continue  to  appear  in  the  data  of  the  13*  (840202T)  and  the  16°  (870103T) 
compression-comer  flows  (fig.  11.2.19).  At  these  higher  deflection  angles  the  trend  of  the 
distributions  is  different  from  that  of  the  smaller  deflections  -(8*)-  in  that  ((u‘ a)mBK/u$r«f) 
decreases  more  or  less  linearly  downstream  of  the  peak  value  at  the  corner.  Again  the  lines 
in  figure  (11.2.19)  serve  for  clarification  only. 


I  l-v 
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x  rnm  * 

Fig.  11. 2. 1C  Distributions*  of  the  mnxima  of  the  specific  Reynolds  normal  stress  in 

compressible  boundary  layers  along  two  compression  surfaces  (adiabatic  wall, 
origin  not  defined). 
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Fig.  11.2.19 

Distributions  of  the  maxima  of  the 
specific  Reynolds  normal  stress  in 
compressible  boundary  layers  along  5 
compression  surfaces  (adiabatic  wall, 
origin  not  defined). 


Ardonceau  has  measured  both  u'  2 
and  v' *  and  they  are  plotted 
for  the  8°  and  the  18°  case  in 
figures  (11.2.20  and  11.2.21). 


For  this  experiment  we  have  no 
wall  shear-stress  measurements 
and  therefore  we  have  made  the 
data  dimensionless  by  using  a 
reference  skin-friction  velocity, 
calculated  according  to  Femholz 
(1971)  at  a  presumably  ZPG 
position  upstream  of  the 
corner.  This  allows  at  least  a 
qualitative  description  of  the 
data  distributions.  The  obvious 
observation  is  the  anisotropy 
between  the  two  specific 
Reynolds  normal  stresses  which 
is  about  4:1  in  both  ramp  flows, 
a  much  greater  ratio  than  could 


be  accounted  for  by  any  error 


resulting  from  the  fact  that 


11.2.20  Distributions  of  the  specific  Reynolds  normal  the  axes  for  the  traverse  are 
stress  in  a  compressible  boundary  layer  along  aligned  with  the  tunnel  axis 
a  compression  corner  (8*),  adiabatic  wall,  and  not  the  local  surface  of 

origin  not  defined).  Ardonceau  (1984).  the  ramp. 
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Fig.  11.2.21 

Distributions  of  the  specific 
Reynolds  normal  stress  in  a 
compressible  boundary  layer 
along  a  compression  corner 
(18°),  (adiabatic  wall, 
origin  not  defined).  Ardonceau 
(1984). 
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Figure  (11.2.22)  displays  the  development  of  the 
maxima  of  the  two  specific  Reynolds  normal  stress 
components  u’ *  and  v' 2  for  the  8®,  13°  and  18® 
ramp  flows.  For  the  8®  case  the  absolute  peaks 
for  u1 and  v* 2max  occur  at  about  x  =  +  4  mm 
with  u' forming  a  long  plateau  up  to  about 
40  mm  and  v'  aMax  falling  fast  to  its  initial 
value  upstream  of  the  shock.  The  13*  ramp  flow 
shows  the  peak  value  for  v*  2m«*  upstream  of 
the  comer  (x  =  -4  mm)  and  for  u*  2max  at  x  *  + 

36  i.  Finally,  for  the  18®  ramp  the  peak  for 
v'  2max  is  at  x  =+  20  nm  and  for  u‘  2*,ax 
upstream  of  the  corner,  indicating  a  strong 
upstream  effect  of  the  shock,  possibly  via  the 
separation  region.  Some  part  of  this  may  be  a 
result  of  shock  oscillation.  As  in  the  8®  case, 
u' 2 forms  a  plateau,  though  shorter,  for  the 
18°  ramp  flow.  In  summary  (cf.  figures  li.2.18, 
11.2. 19  and  11.2.22).  both  the  shape  of  the 
u' 2*»ax  and  v*  2max  distributions  and  the  magnitude 
and  position  of  their  absolute  maximum  are 
important  for  an  interpretation  of  shock/ 
boundary- layer  interactions. 


Fig.  11.2.22  Development  of  the  maxima  of  specific  Reynolds  normal  stresses  in  compressible 
boundary  layers  along  3  compression  corners.  Ardonceau  (1984). 


In  order  to  complete  the  documentation  of  the  Reynolds  normal  stress  measurements,  figures 
(11.2.23  to  11.2.25)  display  the  Princeton  data  of  p  u'  2  for  the  8*,  16*  and  20*  ramp  flows. 
They  are  made  dimensionless  by  the  respective  measured  skin-friction  velocities  for  which  we 
have  no  error  bounds  (cf.  chapter  9)  and  should  thus  only  be  regarded  as  qualitative.  Note 
the  change  from  linear  to  logarithmic  scale  for  the  ordinate  in  figures  (11.2.23  and  24). 

The  three  cases  have  in  common  that  the  absolute  maxima  are  upstream  of  the  pressure  maximum  - 
as  in  all  other  flows  with  an  APG  -  and  that  the  position  y+m»*  of  the  profile  peak  value 
moves  away  from  the  wall  as  long  as  the  pressure  is  rising.  The  enormous  increase  of  the 
absolute  maximum  rising  from  the  8®  to  the  20®  case  by  a  factor  of  about  30  is  also  due  to 
the  fall  of  Uj.  Therefore  plots  of  (u' */ufraf )  as  in  figures  (11.2.18,19  and  22)  give  a  more 
realistic  picture  of  the  influence  of  the  shock  structure  on  the  turbulence.  There  are  no 
v'2-profiles  provided  by  the  Princeton  group  and  q  u* v* -profiles  will  be  discussed  below. 


b)  Quasi-normal  shock  interactions 

When  it  comes  to  turbulence  measurements  only  two  of  the  three  experimental  investigations 
mentioned  in  chapter  10.4  remain.  The  ONERA  group  (cf.  table  11.1)  measured  u'  ,  v‘  and  u‘ v' 
using  laser-Doppler  anemosetry.  Neither  mean  density  profiles  nor  skin-friction  data  were 
given.  There  are  four  cases  altogether,  Delery  et  al.  (CAT  8002T)  one  and  Copy  &  Reisz 
(CAT  8003T)  three.  Two  cases  of  the  latter  investigation  wil  be  discussed  in  more  detail. 

Figure  (11.2.26)  presents  the  distributions 
of  the  wall  static  pressure,  (u*  2  )maj(, 

(v‘  3 ) max i  and  |-u'v‘  L.„  in  x-direction, 
the  latter  three  quantities  made 
dimensionless  by  a  common  value  of  U|nf 
as  no  upstream  value  of  uT  could  be 
calculated  due  to  incomplete  information. 
Since  three  components  of  the  specific 
Reynolds  stress  tensor  were  available,  we 
have  included  ufv'  in  the  following 
discussion.  Apart  from  the  rather  mild 
static  pressure  rise  in  stream  direction, 
which  is  deceptive  as  the  greater  part  of 
the  pressure  change  has  taken  place 
upstream  (9ee  entry  CAT  8002T),  one 
should  notice  the  anisotropy  of  the 
turbulence  field  resulting  in  a  maximum 
value  of  the  ratio  (u‘ 2/v'2)max  of  about 
4.  There  is  little  difference  in  the 
value  of  the  peaks  of  (v'2)max  and 
l“U*v'|max  but  I — u*  v 1 | ma x  decays  faster 
in  streamwise  direction,  having  a  value 
of  about  60*  of  that  of  (v‘ 2)max.  In  the 
notation  for  x  used  here,  the  first  leg 
of  the  shock  is  at  about  260  ram  from  the 
start  of  the  bump  (x  =  0),  the  second  leg 
at  about  286  mm,  and  reattachment  at 
about  x  =  325  ram.  At  thi3  latter  position 
we  notice  the  sudden  fall  of  u' 2  and  the 
slower  decrease  of  |-u'v'|. 


The  next  two  cases  (Copy  &  Reisz,  1980)  differ  in  that  there  was  no  separation  for  series  01 

and  02  (the  latter  is  not  discussed  here)  but 
for  series  03  over,  approximately,  the  range 
195  <  x  <  240  mm  (authors).  Figure  (11.2.27) 
presents  the  equivalent  quantities  to  those  in 
fig.  (11.2.26).  Measurements  started,  however, 
upstream  of  the  wall  pressure  minimum,  thus 
displaying  a  more  realistic  wall-pressure 
distribution.  The  authors  give  the  shock 
position  at  x  =  128  mm  but  the  shock  influence 
begins  to  show  at  about  x  =  120  m  with  the 
sharp  increase  of  all  turbulence  quantities, 
especially  of  u'2,  which  reaches  its  absolute 
peak  at  x  =  130  mm  with  an  increase  of  more  then 
a  factor  5.  The  ratio  of  the  two  Reynolds  normal 
stresses  is  again  about  4  with  the  absolute  peak 
of  v‘ 2  downstream  (x  =  155  mm)  of  that  of  u'2. 

We  have  no  explanation  for  the  almost  identical 
values  of  (v* *)***  and  |-u‘v' |maK  in  series  01 
and  03  (fig.  11.2.28)  which  differ  from  the 
distributions  shown  in  fig.  (11.2.26).  For  series 
03  (fig.  11.2.28)  the  pressure  increase  is 
larger  than  in  01 ,  resulting  in  a  reverse-flow 
region  and  in  about  20*  higher  values  of 
(u‘ Other  flow  features  are  similar  to 
those  of  series  01. 

Fig.  11.2.27  Development  of  the  wall  static  pressure  and  of  the  maxima  of  the  specific 
Reynolds  normal  and  shear  stresses  of  a  compressible  boundary  layer  with  a 
shock  interaction  (adiabatic  wall,  origin  not  defined,  uinf  =  255.2  ms). 

Copy  &  Reiss  (1980). 


270  300  350  400  450  500  550 

x  mm  -  ■  ■— 

Fig.  11.2.26  Development  of  the  wall  static 

pressure  and  of  the  maxima  of  the 
specific  Reynolds  normal  and  shear 
stresses  of  a  compressible  boundary 
layer  with  a  shock  interaction 
(adiabatic  wall,  origin  not 
defined,  uinf  =  296.8  ms"1 ) . 

Delery  et  al.  (1980). 
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Fig.  XI. 2. 28 

Development  of  the  wall  static  pressure  and 
of  the  maxima  of  the  specific  Reynolds 
normal  and  shear  stresses  of  a  compressible 
boundary  layer  with  shock  interaction 
(adiabatic  wall,  origin  not  defined, 
uj„f  =  257.9  ms-1).  Copy  fc  Reisz  (1980). 


11.3.  Reynolds  shear  stress 

Table  11.1  contains  a  list  of  the  available  Reynolds  shear-stress  measurements.  There  are  no 
data  for  the  ZPG  or  the  APG  reflected  wave  case  (they  only  available  on  the  data  tape)  and  so 
we  begin  our  discussion  with  the  data  along  the  two  8°  curved  compression  surfaces  of  Jayaram 
et  al.  (CAT  8702T). 
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Fig.  11.3.1  Distributions  of  the  maxima  of  the  specific  Reynolds  shear  stress  in  a 

compressible  boundary  layer  along  3  compression  surfaces  with  different  concave 
curvature  at  the  beginning  (T^/Tr  «  1.10,  origin  not  defined).  Jayaram  et  al. 
(1987),  Muck  et  al.  (1987). 


Figure  (11.3.1)  presents  the  distributions  of  the  maximum  specific  Reynolds  shear-stress 
value  made  dimensionless  by  the  skin-friction  velocity  in  the  ZPG  region  upstream  of  the 
compression  surface.  The  latter  differ  by  the  radius  of  curvature  (for  the  geometry  see 
CAT8401T),  and  the  flow  with  the  smaller  radius  of  curvature  followed  by  a  flat  section  shows 
the  sharper  rise  in  |-u'v'  |MX.  For  a  comparison  we  have  plotted  also  the  data  for  the  8* 
corner  flow  of  Muck  et  al.  (CAT  870104T).  The  increase  of  the  specific  maximum  Reynolds  shear 
stress  follows  closely  that  of  the  flow  with  the  small  radius  of  curvature  indicating  that 
the  rate  of  curvature  does  not  affect  the  flow  much  in  this  case.  Figures  (11.3.2  to  11.3.5) 
display  the  distributions  of  the  Reynolds  shear  stress  and  |-u'v’ |  without  the  influence  of 
the  density  for  the  two  8*  compression  surfaces.  Again  uT  was  measured  by  the  Pres  ton- tube 
method,  the  deficiencies  of  which  are  discussed  in  chapter  9.2.4.  We  find  a  behaviour  very 
similar  to  incompressible  APG  boundary  layers  with  an  increase  of  |-u* v' |  and  a  shift  of  the 
profile  maximum  towards  the  edge  of  the  boundary  layer  in  the  region  with  rising  wall  static 
pressure  (e.g.  figure  11.3.2).  If  the  pressure  falls,  the  magnitude  of  the  maximum  decreases 
and  its  position  moves  away  from  the  boundary  layer  edge  (fig.  11.3.4).  As  we  have  seen  in 
figure  (11.3.1)  the  absolute  peak  la  higher  for  the  faster  pressure  rise  of  case  1. 
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Fig.  11.3.2 

Distributions  of  the  Reynolds  shear 
stress  in  a  conpressible  boundary  layer 
along  a  concave  congress ion  surface  with 
a  recovery  section. (Tw/Tr  *  1.10,  origin 
not  defined,  Cf  fro*  Preston  tube. ) 
Jayaran  et  al.  (1987). 


Fig.  11.3.3 

Distributions  of  the  specific  Reynolds 
shear  stress  in  a  conpressible  boundary 
layer  along  a  concave  compression  surface 
with  a  recovery  section.  (T„/Tr  *  1.10, 
origin  not  defined,  Cf  from  Preston  tube.) 
Jayaram  et  al.  (1987). 


Fig.  11.3.4 

Distributions  of  the  Reynolds  shear 
stress  in  a  conpressible  boundary  layer 
along  a  concave  compression  surface  with 
a  recovery  section.  (T»/Tr  *  1.10,  origin 
not  defined,  Cf  fro*  Preston  tube.) 
Jayaran  et  al.  (1987). 
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Fig.  11.3.5 

Distributions  of  the  specific 
Reynolds  shear  stress  in  a 
compressible  boundary  layer  along  a 
concave  compression  surface  with  a 
recovery  section.  (T*/Tr  *  1.10, 
origin  not  defined.)  Jayaram  et  al. 
(1387). 
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Fig.  11.3.6  Distributions  of  the  maxima  of  the 
specific  Reynolds  shear  stress  in 
compressible  boundary  layers  along 
4  compression  surfaces  (adiabatic 
wall,  origin  not  defined).  Muck 
et  al.  (1987),  Ardonceau  (1984). 


Figure  (11.3.6)  displays  the  maximum  of 
the  specific  Reynolds  shear  stress 
against  streamwise  distance  x  / corner  at 
x  =  0)  for  four  compression  corner  flows 
and  should  be  seen  in  connection  with 
figure  (11.2.19)  for  the  specific 
Reynolds  normal  stress  (u1 l)max.  With 
the  exception  of  Ardonceau* s  data  which 
only  show  the  sharp  increase  due  to  the 
shock  system,  the  other  data 
(Princeton’s)  indicate  a  jump,  a  plateau, 
and  a  decrease,  with  peak  values  rising 
with  the  ramp  angle.  This  type  of 
distribution  differs  from  that  of  the 
u' 2 -data  which  decrease  about  linearly 
downstream  of  the  absolute  maximum  (fig. 
11.2.19).  Such  a  behaviour  could  indicate 
that  u'v' -containing  structures  change 
more  slowly  for  flows  at  ramp  angles 
larger  than  8*.  For  the  8°  degree  case 
u'v'  and  u’ 2  (fig.  11.2.18)  show  a 
qualitatively  similar  behaviour.  We  have 
again  no  explanation  why  data  for 
comparable  ramp  angles  differ  between 
Ardonceau  and  Muck  et  al.  and  guess  that 
the  discrepancies,  especially  near  the 
corner,  are  due  to  the  different 
experimental  techniques.  Figures  (11.3.7 
to  11.3.9)  present  the  dimensionless 
Reynolds  shear  stress  for  the  8*,  16* 
and  20*  compression  corner  flows, 
respectively.  Note  that  both  ( Qm  u$)  and 
|-p  u’v*  |  change  with  x. 


For  the  quasi-normal  shock  interaction  there  are  four  cases  where  j-u'v' |  was  measured  and 
for  which  the  distribution  of  |-u* v*  | max/u2inf  has  been  shown  in  figure  (11,2.26).  Figures 
(11.3.10)  to  (11.3.12)  display  the  specific  Reynolds  shear  stress  for  series  01  of  Delery 
et  al.  (CAT  8Q02T)  and  for  series  01  and  03  of  Copy  &  Reisz  (CAT  8003T).  These  distributions 
are  detailed  and  provide  a  sequence  of  so  many  profiles  that  they  ore  especially  suited  for  a 
comparison  with  numerical  calculations. 
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Fig.  11.3.7 

Distributions  of  the  Reynolds  shear 
stress  in  a  compressible  boundary  layer 
along  a  compression  corner  (8*). 

(T«/Tr  *  1.10,  origin  not  defined,  Cf 
from  Preston  tube.)  Muck  et  al.  (1987). 


Fig.  11.3.8 

Distributions  of  the  Reynolds  shear 
stress  in  a  compressible  boundary  layer 
along  a  compression  corner  (16°). 

(T*/Tr  *  1.10.  •'rigin  not  defined,  Cf 
from  Preston  v..  j.  )  Muck  et  al.  (1987). 
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Fig.  11.3.9 

Distributions  of  the  Reynolds  shear 
stress  in  a  compressible  boundary  layer 
along  a  compression  corner  (20® ). 

(Tui/Tr  a  1.10,  origin  not  defined,  Cf 
from  Preston  tube.)  Muck  et  al.  (1987). 


11-17 


J-u'vl 


— !  |  ! 

k_ 

L 

4  ;  4  J 

o# 

r» 

• 

U- 

<P 

“ 

r  ^  t . 

.  _ __i.-  _4_ 

o 

- 

Q 

• 

i 

i  ;  i 

o 

* 

CAT  8002 T 

Profile  x  mm 

j  0101  270 

•  0108  305 

0118  380 

.  v  0128  510 

u*,,  =  296  8  ms  1 

i 

p.-io1 

NmJ 

4  47 

4  78 

5  76 

4  95 

^  1 

°  v 

i  i-  _  1  _ 

10°  2 
y  mm 


Fig.  11.3.10  Distributions  of  the  specific 
Reynolds  shear  stress  in  a 
compressible  boundary  layer  with 
a  shock  interaction  (adiabatic 
wall,  origin  not  defined). 

Delery  et  al.  (1980). 


Figure  (11.3.10)  presents  four  profiles, 
the  first  (0101)  and  the  last  (0128) 
measured,  the  profile  with  the  absolute 
peak  of  |-u' v’ )  (0108),  and  one  in  the 
region  where  the  absolute  peak  decreases 
but  where  its  position  still  moves 
towards  the  edge  of  the  boundary  layer. 

The  reader  should  remember  that  the  first 
profiles  in  each  of  the  subsequent 
figures  is  close  to  or  just  downstream 
of  the  shock  structure,  a  fact  which 
results  in  a  very  high  absolute  peak 
value  (note  the  logarithmic  scale  of  the 
ordinate).  A  more  detailed  sequence  of 
profiles  is  shown  in  figure  (11.3.11) 
for  the  case  with  the  mildest  shock 
interaction  out  of  the  4  ONERA  experiments. 
The  trend  of  the  data  is  very  much  the 
same  as  in  (11.3.10)  except  that  the 
absolute  peak  values  are  lower.  Again  it 
is  interesting  to  note  the  plateau- like 
shape  of  the  last  measured  profile 
(80030122)  and  to  compare  it  with 
(80020128)  in  fig.  (11.3.10).  Furthermore 
it  is  certainly  worth  noting  that  the 
|-u‘ v' (-profiles  extend  down  to  0.2  mm 
near  to  the  wall  which  is  extraordinarily 
low. 


Fig.  11.3.11 

Distributions  of  the  specific  Reynolds 
shear  stress  in  a  compressible  boundary 
layer  with  a  shock  interaction 
(adiabatic  wall,  origin  not  defined). 
Copy  &  Reisz  (1980). 
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Fig.  11.3.12 

Distributions  of  the  specific  Reynolds 
shear  stress  in  a  compressible  boundary 
layer  with  a  shock  interaction 
(adiabatic  wall,  origin  not  defined). 
Copy  &  Reisz  ( 1980) . 


Figure  (11.3.12)  shows  3  characteristic  profiles  of  series  03.  Here  the  boundary  layer 
separates  and  reattaches  and  it  is  therefore  not  surprising  that  the  profile  upstream  of  the 
shock  (0301)  and  the  peak  profile  (0311)  differ  by  a  factor  10.  The  variations  of  |-u'v' |  in 
the  outer  part  of  profile  (0301)  are  probably  due  to  the  shock/  boundary- layer  interaction. 

The  ratio  "a"  of  Reynolds  shear  stress  and  turbulent  kinetic  energy 

Klebanoff  (1955)  noted  "that  in  the  range  of  y/<5  =  0.1  to  y/6  -  0.8  the  ratio  of  shear  stress 
to  turbulent  energy  is  approximately  constant”.  This  statement  concerned  a  two-dimensional 
ZPG  incompressible  turbulent  boundary  layer  but  has  since  been  used  for  turbulence  models  in 
flows,  both  compressible  and  incompressible,  with  and  without  pressure  gradients.  Johnson  & 
King  (1985),  for  example,  who  present  a  "mathematically  simple  turbulence  closure  model  for 
attached  and  separated  turbulent  boundary  layers"  assume  the  structure  parameter  |-u' v' |m/km 
to  be  constant  and  equal  to  0.25.  Here  km  denotes  the  maximum  of  the  turbulei  .  kinetic  energy. 


Unfortunately  none  of  the  experiments  available  to  us  provides  all  the  Reynolds  normal  and 
shear  stresses  to  check  this  assumption.  At  best  we  have  -u' v' ,  u' 2,  and  v' 2  which  we  have 
used  to  form  a  modified  structure  parameter  i  — ; — rj 

»i!  =  4^—- 4t  ■ 


Pelery  &  Marvin  (1986)  have  suggested  that  the  missing  term  w’  2  be  substituted  by  0.5  (u*  2  * 
v'2).  We  do  not  think  this  to  be  correct  for  shock/  boundary  layer  interactions  which  show  a 
strong  anisotropy  between  u*  and  v'  and  probably  also  for  w' . 


Figures  (11.3.13  and  14)  present  distributions  of  ai2  against  the  normal  distance  to  the 
wall  y  for  two  compressible  boundary  layers  with  shock  interaction  (lines  were  inserted  for 
clarity  only).  If  w* 2  were  known,  the  value  for  ai23  would  be  smaller  than  for  ai2  and,  in 
the  mean,  below  0.20.  In  addition,  the  distributions  show  clearly  that  the  structure  parameter 
is  not  constant  across  a  compressible  boundary  layer  with  e  shock  interaction,  i.e.  with  an 
adverse  pressure  gradient.  Smits  &  Muck  (1987)  made  similar  observations  in  discussing  the 
ratio  -u'v'/  u‘ 2  but  show  much  smoother  distributions  (measured  by  hot-wire  anemometry)  than 
those  obtained  by  LDA  as  presented  in  figures  (11.3.13  and  14).  Townsend  (1976)  compared  the 
distributions  of  aj23  for  two  APG  incompressible  boundary  layers  with  the  ZPG  case  and  found 
an  increase  of  ai23  from  0.08  to  about  0.16  at  y/6  *  0.8  followed  by  a  sharp  decrease  towards 
the  edge  of  the  boundary  layer.  This  trend  differs  again  from  those  shown  above  and  from 
those  presented  by  Smits  &  Muck  (1987). 
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Fig.  11.3.13 

Distributions  of  the  modified  structure 
parameter  Qjj  in  a  compressible  boundary 
layer  along  a  compression  corner  (18°) 

Ar donceau  ( 1 984 ) . 


Fig.  11.3.14 

Distributions  of  the  modified  structure 
parameter  at*  in  a  compressible  boundary 
layer  with  a  shock  interaction.  Copy  &  Reisz 
(1980). 


12.  THE  BNTRIBS 


12.1.  Introduction 


In  preparing  the  first,  volume  of  this  series,  A G  223,  we  imposed  certain  restrictions  on  the 
flows  considered  as  candidates  for  an  entry.  These  were  that  the  flow  should  be  nominally 
two-dimensional,  that  the  Mach  number  be  high  enough  for  the  effects  of  compressibility  to 
be  significant,  that  the  Reynolds  number  be  high  enough  for  at  least  some  part  of  the  flow 
to  be  recogniaably  turbulent,  that  there  be  no  flow  through  the  surface  on  which  the  boundary 
layer  was  formed,  and  that  there  be  no  discontinuities  in  the  mean  flow  property  profiles. 

We  also  required,  as  a  general  principle,  that  the  information  supplied  must  include  profiles 
normal  to  the  surface  and  that  the  principal  part  of  the  data  be  presented  in  tabular  form. 

This  fourth  volume  contains  12  further  entries  and  the  data  presentation  follows  the  same 
pattern  as  for  AG  263  (for  an  explanation  of  the  numbering  system  see  ch.  9).  We  have,  however, 
included  aore  cases  in  which  shock  waves  impinge  on  and  interact  with  a  boundary  layer,  and 
inevitably  many  of  the  profiles  in  such  flows  incorporate  what  should  be  discontinuities  in 
the  flow  properties  concerned.  The  principal  common  feature  of  this  volume  in  relation  to  AG 
263  is  that  both  mean  flow  and  turbulence  data  are  presented  -  this  was  not  the  case  for  AG 
223.  Again  we  have  insisted  on  tabular  data,  some  already  published,  but  the  majority  was 
obtained  on  tapes  as  private  communication.  These  tabular  data  have  been  prepared  in  a 
standard  form,  and  samples  appear  as  part  of  the  entries.  There  is  a  full  discussion  of  the 
planning  and  layout  of  an  entry  in  AG  223,  so  that  we  only  repeat  the  main  points  here.  An 
entry  is  composed  of  four  sections,  A-D: 

Section  A  This  provides  a  description  of  the  experiment  in  a  standard  format,  and  predominantly 
in  a  standard  sequence.  The  description  is  keyed  to  a  fixed  set  of  topics  indicated  by  numbers 
in  the  left  hand  margin.  They  may  appear  in  any  order,  or  be  repeated  if  a  topic  recurs.  The 
topics  are 

1.  Description  of  test  section 

2.  Flow  quality 

3.  Observations  of  transition  and  tripping  devices  (trips) 

4.  Upstream  history  of  the  test  boundary  layer 

5.  Measures  taken  to  test  for,  or  ensure,  two-dimensional  flow 

6.  Measurements  at  the  test-surface  (wall  measurements) 

7.  Probes  used  for  boundary- layer  traverses 

8.  Relative  positions  of  measurement  stations 

9.  Authors*  interpolation  procedure  and  assumptions 

10.  Corrections  to  the  profile  data 

11.  Viscosity  law  assumed  by  the  authors 

12.  Editors*  assumptions  and  interpolation  procedures.  Selection  of  data 

13.  Profiles  presented 

14.  Wall  data  presented 
§  Data  summary 

16.  Editors*  comments. 

The  topics  marked  1-11  provides  a  description  in  which,  so  far  as  possible,  we  have  restricted 
ourselves  to  statements  which  were  verifiable  either  in  the  published  reports  or  by  correspondence 
with  the  authors.  At  various  points,  however,  we  have  filled  out  the  verifiable  facts  by  an 
estimate  or  interpretation.  Where  this  has  happened  we  have  inserted  a  marker  (E).  The  end  of 
the  description,  marked  12-14,  describes  the  measures  we  found  necessary  in  processing  the 
data  and  is  followed  by  (S  Data)  a  brief  data  summary  which  states  what  was  in  fact  measured, 
in  contrast  to  data  which  are  deduced  from  the  measurements.  In  S  15,  Editors*  coaments,  we 
have  introduced  our  own  interpretation  and  coament.  These  conenta  are  supplemented  by  those 
in  chapters  9,  10  and  11,  either  in  general  or  particular.  Chapters  10  and  11  deal  with  the 
mean  flow  and  turbulence  data,  respectively,  including  graphical  treatment. 

Section  B,  the  "Kopfdaten**,  contains  tables  of  the  principal  boundary  conditions  and  various 
derived  quantities  such  as  integral  thicknesses.  The  table  heading  for  a  typical  entry  is 
shown  here: 


RUN 

MB 

TW/TR 

HED2W 

CF 

H12 

H12K 

PW 

PD 

X 

POD 

PW/PD 

RED  2D 

CQ 

H32 

H32K 

TO 

TD 

RZ 

TOD 

TAUW 

D2 

PI2 

R42 

D2K 

UD 

TR 
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The  liat  ia  reproduced  in  part  at  the  start  of  this  volume.  Those  quantities  marked  by  a  star 
(*)  represent  the  data  used  as  input.  In  many  cases  these  data  would  be  entered  directly,  but 
the  values  shown  often  represent  the  results  of  preliminary  calculations.  In  particular  the 
D-state  quantities  (see  A Q  253  8  7,1  and  chapter  9  of  this  volume)  are  often  derived  indirectly 
from  the  profile  data.  The  stars  indicate  therefore  the  quantities  which  are,  functionally, 
the  independent  variables  rather  than  those  which  were  directly  available  as  numbers  for 
processing.  A  good  example  is  the  wall  shear  stress  TAUW.  Data  are  usually  presented  in  the 
form  of  a  skin- friction  coefficient  CF.  This  quantity  depends,  in  addition  to  the  shear 
stress,  on  the  reference  values  used  in  its  formation,  the  D-state  density  and  velocity.  Many 
of  the  flows  considered  here  have  strong  normal  pressure  gradients,  so  that  the  possible 
D-state  properties  are  quite  rapidly  varying  functions  of  the  Y-value  chosen  to  specify  the 
boundary- layer  edge.  We  have  adopted  the  practice,  therefore,  of  reducing  authors*  CF  input 
data  to  TAUW  values  for  use  as  program  input,  since  we  are  then  free  to  try  various  different 
D-states  if  we  think  it  proper  without  having  to  consciously  collect  the  normalization  of  oF. 
For  this  reason  a  CF  value  in  our  tables  may  well  differ  from  that  given  by  the  original 
author.  In  this,  and  in  many  other  features,  our  selection  of  a  D-state,  however  carefully 
considered,  may  be  ill  advised.  We  hope  however  that  it  is  self-consistent,  so  that  the 
essential  data  may  be  recovered,  and,  at  need,  represented  in  a  form  better  suited  to  the 
user’s  prejudices. 

Section  C,  mean-profile  tables,  provides  a  selection  from  the  available  profile  data.  In  an 
attempt  to  reduce  the  number  of  printed  pages,  the  amount  of  space  alloted  to  this  section 
in  this  volume  is  significantly  less  than  in  AG  223.  Readers  will  therefore  need  to  have 
recourse  to  the  computer  tape  data  base  (see  the  introduction  to  this  volume). 

I  Y  PT2/P  P/PD  TO/TOD  M/MD  U/UD  T/TD  R*U/RD*UD 

The  presentation  is  as  in  AG  223  save  that  for  layout  reasons  the  last  column  of  data  RHO*U/ 
RHOD*UD  has  been  relabelled  R*U/RD*UD.  At  the  foot  of  each  profile  is  a  statement  of  the 
input  used  to  construct  the  profile.  As  for  the  "Kopfdaten"  tables  of  section  B,  quite  often 
the  data  available  to  us  did  not  directly  fit  cur  scheme  of  presentation.  The  boundary- layer 
edge  state  chosen  or  accepted  by  the  editors  is  marked  by  the  letter  D.  We  have  made  clear  in 
§  7  of  AG  253  that  this  selection  is  essentially  arbitrary.  In  using  the  information  it  is 
important  to  recognise  that  the  scaled  dimensionless  information  offered,  while  in  principle 
more  universal,  is  in  fact  critically  dependent  on  the  choice  of  the  scaling  quantity  used. 

Thus  it  is  the  pressure,  velocity,  or  9hear  stress  rather  than  the  pressure  ratio,  velocity 
ratio  or  shear-stress  coefficient  which  represents  the  data  entered  to  the  catalogue.  The 
dimensionless  quantities  are  convenient,  but  coloured  by  the  scaling  process. 

Section  D  supplies  a  miscellany  of  supplementary  data.  Of  its  very  nature  this  does  not  fit 
the  standard  profile-based  scheme.  Typically,  in  AG  223,  AG  263,  and  this  volume,  we  present 
such  information  as  wall-shear  stress,  temperature,  or  pressure  distributions  which  have  not 
been  interpolated  to  the  profile  stations.  Often  far  more  detail  is  available,  in  terms  of  a 
streamwise  distribution,  for  these  quantities  than  for  profile-derived  data.  We  also  present, 
at  times,  a  selection  of  turbulence  data.  After  due  consideration  we  decided  not  to  attempt  a 
complete  presentation  of  these  data  in  the  entries,  since  in  certain  cases  this  could  run  to 
many  pages  of  tables.  Nearly  all  the  data  available  to  us  however  appear  in  the  magnetic  tape 
data  base. 


Turbulence  data  present  their  own  special  problems  and  a  presentation  appropriate  to  the 
needs  of  research  workers  in  turbulence  modelling  may  well  not  fit  that  which  allows  an  exact 
description  of  experimental  results.  It  would,  in  general,  be  desirable  to  describe  data  in 
terms  of  "outer  law”  based  quantities.  The  length  scale  in  particular  is  usually  so  badly 
defined  that  it  is  in  no  way  possible  to  arrange  any  comprehensive  presentation  in  terms  of 
"boundary- layer  thickness”  which  has  any  generally  agreed  meaning.  In  contrast,  the  "wall 
values”  are  always  well  defined,  if  not  always  accurately  measured.  We  have  therefore,  where 
possible,  scaled  all  turbulence  data  on  representative  ’’wall  values”  RHOW,  TAUW,  UTAUW,  TW 
etc. .  This  may  not  be  physically  appropriate  but  does  not  compromise  the  accuracy  of  the 
original  data.  The  choice  of  "outer-region  scaling"  is  then  open  to  the  user. 

The  table  heading  for  a  typical  entry  may  look  like 

Y  U'  V  W'  RHOW  V'  RHO'U'  RHO’  V*  RHO’W’  RHO*U‘ T‘  RHO*V  T* 

UT  UT  UT  RR0W*UT2  RHOWtUT  RHOW*UT  RHOW*UT  RHOW*UT*TW  RHOW*UT*TW 


We  then  give  the  profiles.  For  "single-component”  terms  these  are  the  root  mean  square  values 
of  the  quantity  in  question.  For  two-component  or  correlation  terms  they  are  the  time  means. 
Thus: 


RHOWW  V’ 
RB0W*UT2 


RHOW *UT 


RHOU  ’TO' 
RHOW*UT*TW 
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Pagination.  The  description  of  an  entry  above  implies  a  sequence  of  sections  A-B-C-D.  In  the 
interest  of  saving  pages,  we  have  nixed  sections  freely  according  to  convenience.  An  entry 
will  always  start  as  a  right  hand  page  -  which  will  be  numbered  xxxx-A-1.  The  page  numbers 
which  follow  say  well  be  mixed  -  as  for  example  in  AG  223  72  04-A-2/B-1  which  contains  part 
of  section  A  and  part  of  section  B. 

While  A,  B  and  C  will  usually  be  in  sequence,  supplementary  information  from  section  D  may 
well  be  attached  to  any  page  of  any  other  section. 


i)  LIST  OF  ABBREVIATIONS 


APG 

AW 

CC 

CCF 

CCP 

CPP 

CSF 

CT 

D 

E 

ECP 

FEB 

FP*G 

FPP 

FWP 

H 

HT 

HWP 

MHT 

NA 

NC 

NM 

NPG 

NX 

PC 

QNS 

q.  v. 

RUN 

RW 

SH 

SPP 

STP 

SW 

TPP 

TTP 

VPG 

W 

ZPG 


adverse  pressure  gradient 
adiabatic  wall 
constant  current 
compression-corner  flow 
cone-cylinder  static  pressure  probe 
circular  Pitot  probe 
compression-surface  flow 
constant  temperature 

D-state  is  the  nominal  boundary- layer  edge  state 

estimated  by  editors 

equilibrium  cone  probe 

floating  element  balance 

favourable  pressure  gradient 

flattened  Pitot  probe 

fine  wire  probe 

height  of  the  test  section 

heat  transfer 

hot-wire  probe 

moderate  heat  transfer 

not  available 

not  computed 

not  measured 

normal  pressure  gradient 

number  of  X-stations 

private  communication 

quasi -normal  9hock 

quid  vide  *** 

full  8-digit  identification  of  the  profile 

reflected  wave 

severe  heat  transfer 

static  pressure  probe 

static  temperature  probe 

simple  wave 

total  pressure  probe 

total  temperature  probe 

variable  pressure  gradient 

width  of  the  test  wall 

zero  pressure  gradient 
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Probe  dimensions 

dt  -  outside  diameter 

d2  -  inside  diaaeter 

hj  -  overall  height  of  face 

h2  -  height  of  opening 

b i  -  overall  width 

b2  -  width  of  opening 

1  -  length  of  slender  portion 

o  -  cone  semi- angle 


ii)  GRAPHICAL  PRESENTATION  OF  PROFILE  DATA 

Selected  profile  data  from  the  sources  below  may  be  found  in  the  figures  listed. 


Mean  flow  profiles  and  turbulence  profiles 


Source 

"Inner"  -  Velocity 

-  "Outer" 

Turbulence 

7904 

10.3.8-9,  11-12 

10.3.10 

See  8701 

8002 

11.2.26,  11.3.10 

8003 

10.4.3-4 

10.4.5 

11.2.27-28 

11.3.11-12 

8301 

10.3.1 

10.3.2 

8401 

10.2.2-4,  7 

10.2.5-6 

See  8702 

8402 

10.3.3-4 

10.3.5 

11.2.20-22 

11.3.6,  11.3.13-14 

8501 

10.4.6-7 

10.4.8 

8601 

10.1.4 

10.1.3 

11.2.5-7 

8602 

10.1.5 

10.1.6 

11.2.8-9 

8603 

10.1.1 

10.1.2 

11.2.2-4 

8701 

See  7904 

11.2.19,  23-25 
11.3.6-9 

8702 

See  8401 

11.2.11-16 

11.3.1-5 

iii)  PROPERTIES  OF  THE  WORKING  GAS.  RECOVERY  FACTORS 

In  data  processing  we  have  treated  the  working  fluid  as  a  perfect  gas  with  constant  specific 
heats. 

The  perfect  gas  properties  assumed  are: 

Gas:  air 

Gas  constant  R  in  m2/s2  K:  287.1387 

Specific  heat  ratio  y:  1.40 


The  transport  properties  were  calculated  after  Keyes  (1952,  see  AGARDograph  223)  for  the 
diatomic  gases  (minor  constituents  of  air  being  ignored). 

For  the  diatomic  gases  the  expression 


P  ~ 


10~«  a0  T*/1 
M  a  f '  10_"l/T 


NS/m* 


was  used,  where  the  constants  and  the  range  of  validity  are  given  as 


aQ  a  at  range  of  validity 

air:  1.488  122.1  5  79  <  T/K  <  1845 

At  present  it  is  not  possible  to  state  a  recovery  factor  with  enough  confidence  to  take 
account  of  upstream  history  effects,  boundary  conditions  or  other  flow  parameters.  We  have 
therefore  chosen  to  use  for  all  experiments  a  recovery  factor  r  of  0.896,  though  this  does 
not  imply  that  we  necessarily  believe  that  there  will  be  no  heat  transfer  at  a  wall  which  is 
at  the  recovery  temperature  calculated  using  this.  The  numerical  value  represents  the  cube 
root  of  the  Prandtl  number  for  air,  though  a  true  recovery  factor,  if  it  could  be  defined, 
would  of  necessity  be  in  some  way  a  function  of  the  shear  stress  distribution  across  the 
boundary  layer,  i.e.  of  the  turbulence  structure. 


7904- A- 1 


12A-1 


- 

M:  2.89  upatreaa 

7904 

R  Theta  »  10-»:  80 

TW/TH:  1.11 

CCF 

Blowdown  tunnel  with  syMetrical  contoured  nozzle.  Max.  running  tiae  "several 
■inutea",  normally  60  seconds.  W  -  H  =  0.203  ■  t  up  to  2.7  a. 

P0:  0.69  MN/m1.  TO:  266  K  (+/-  6*).  Air.  He/a  «  10~»:  63. 


SETTLES  O.S.,  FITZPATRICK  T.J.,  BOGDONOFF  S.M. ,  1979.  Detailed  study  of  attached  and 
separated  coapression  corner  flow  fields  in  high  Reynolds  nuaber  supersonic  flow. 
AIAA  J  17  679-586. 

And:  Settles  (1975),  Settles  et  al.  (1980).  Q.S.  Settles  and  A.J.  Saits,  data  tapes, 
private  comaunications. 


1  The  teat  boundary  layer  was  foraed  on  the  floor  of  the  wind  tunnel,  remaining  under  ZFQ 

conditions  for  1.14  a  after  leaving  the  nozzle.  A  recent  investigation  of  this  boundary 
layer  is  reported  in  CAT8603T,  including  a  detailed  study  of  the  turbulent  structure.  The 

tests  were  performed  on  four  coapression  surfaces  0.161  a  long  and  0.152  a  wide,  sharply 

inclined  at  8  (Series  01  &  02  on  the  sane  aodel),  16  (03),  20  (04)  and  24  (06)  degrees  to 
the  floor.  The  inclined  surface  of  the  Models  was  50.8  as  narrower  than  the  tunnel, 
leaving  a  gap  on  either  side.  The  corner  (X  =  0)  region  and  the  sloping  surface  were 

5  fitted  with  side  fences  so  as  to  insulate  the  experiment  from  the  effects  of  the  tunnel 
side  walls  and  improve  the  two-diaensionality  of  the  test  flow.  The  free  stream  Mach 

2  nuaber  was  constant  to  +/-  0.02.  The  8MS  free  streaa  mass-flow  fluctuation  level  was 

3  about  1*.  The  boundary  layer  was  not  tripped,  but  was  fully  turbulent.  For  details  of  the 

upstream  flow  see  CAT8603T.  Oil-flow  patterns  showing  the  surface  flow  are  reproduced 

5  above  as  figure  9.3.1.  The  shock  waves  oscillated  with  increasing  eaplitude  as  the  angle 
of  the  corner  was  increased.  The  discussions  of  flow  unsteadiness  in  chapter  8  and  9.3.1 
above  are  largely  based  on  studies  Bade  in  this  flow. 

6  Wall  pressure  was  measured  at  35  X-values  (tapping  dia.  0.81am),  with  additional  records 
at  various  stations  across  the  aodel  surface  which  showed  variations  of  about  1*.  Skin 
friction  was  determined  at  at  least  19  stations  using  a  Preston  tube  (d  =  1.6  ms)  and  the 

7  Hopkins  A  Keener  (1966)  calibration.  Mean  flow  profiles  were  measured  with  an  FPP  (ht  = 
0.178,  h,  =  0.089,  b,  =  0.762,  d  =  0.61,  1  =  16  m) ,  a  CCP  (d  =  0.84  mn,  15*  tip,  0.26  am 
static  holes  in  the  horizontal  plane  lOd  back  from  the  shoulder,  1  =  16  am  from  the  holes 
to  the  stem)  and  a  FWP  (dia.  0.1  am)  of  the  type  described  by  Vaa  (1972),  which  was  not 
however  used  for  all  profiles.  The  probes  were  mounted  on  supports  passing  through  the 
roof  of  the  tunnel,  opposite  the  test  surface.  The  profiles  were  measured  along  a  line 
12.7  mi  off  the  centreline  so  as  not  to  disturb  the  flow  at  adjacent  static  tappings. 

8  The  first  few  profiles  were  measured  normal  to  the  tunnel  floor,  with,  in  general,  the 
remainder  normal  to  the  inclined  compression  surface.  However,  in  the  separated  region 
for  series  6,  profiles  were  inclined  at  6.5*  to  the  vertical  with  the  aim  of  having  them 
normal  to  the  zero-velocity  line  (Table  1).  The  Y-coordinate  is  set  to  zero  at  the  aodel 
surface. 

Table  1:  Orientation  of  profile  normals. 

Series  01  and  02  were  both  measured  on  the  8*  model.  All  the  profiles  of  series  01  are 
normal  to  the  tunnel  floor,  and  all  those  for  series  02  are  inclined  at  8*,  normal  to  the 
raap  surface.  For  other  series  the  profiles  are  presented  as  a  single  sequence. 


Normal  to  floor: 

Inclined  at: 

Inclined  at: 

Series  03 

0301 

-  04 

0306  -  17 

16* 

Series  04 

0401 

-  03 

0404  -  08 

5.5* 

0409  -  16  20* 

Series  06 

0601  -  06 

6.5* 

0606  -  09  24* 

(The  orientation  for  series  05  is  as  given  on  a  data  tape  prepared  in  1987.  The  statement 
in  Settles  et  al.,  1980,  should  be  disregarded.  Elsewhere  it  is  stated  that  01  -  03  are 
normal  to  the  floor. ) 
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9  The  Measured  TO  profiles  were  replaced  by  a  linear  approximation,  accurate  to  within  2*. 

{  The  authors  have  interpolated  the  original  mean  flow  data  to  the  measuring  positions  of 

10  the  Pitot  probes,  and  incorporated  no  profile  corrections,  though  it  is  not  certain 
whether  the  original  Pitot  profiles  were  corrected  for  shear.  The  editors  have  set  the 

12  wall  temperature  at  1.04TQD,  on  the  advice  of  A.J.  Smits,  as  typical  of  normal  operating 
conditions.  The  author  has  used  an  artificial  edge  state  based  on  the  tunnel  total 
pressure  and  the  local  wall  static  pressure  in  reducing  Pres ton- tube  data.  The  selection 
of  a  D-atate  for  flows  of  this  nature  is  effectively  arbitrary  (9.2.2),  the  editors  having 
attempted  to  indicate  the  edge  of  the  wall-based  dissipative  layer  after  an  inspection  of 
the  total  pressure  profiles. 

13  The  profiles  are  presented  incorporating  the  assumptions  and  reduction  procedures  of  the 
author.  The  wall  data  are  also  as  given  by  the  author  with  the  profiles,  which  describe  a 
boundary  layer  subjected  to  the  shock-wave  structure  resulting  from  a  range  of  compression 
corners.  (H Author”  here  should  be  taken  to  include  those  working  in  the  laboratory  and 
preparing  the  data  for  us  at  a  later  date. ) 

S  DATA:  79040101  -  0509.  Mean  flow  profiles  from  PT2,  P  and  TO  probes.  NX  =  27  (01  &  02 

1  combined),  17,  16  and  9.  Wall  shear  from  Preston  tubes. 

^  15  Editor* s  Co—enta: 

The  experimental  work  described  here  provides  the  mean  flow  data  for  the  turbulence 
measurements  in  CAT8701T,  (Saits  &  Muck,  1987).  The  data  have  been  rescued  from  the 
archives  and  extensively  reprocessed  for  us,  but  even  so  certain  small  discrepancies 
remain.  Series  01-04  have  been  put  together  from  the  original  experimental  data  tapes 
and  give  only  slightly  more  than  half  of  the  profiles  in  that  data  collection.  Series  5 
is  from  the  set  of  data  prepared  for  the  1980  Stanford  conference  on  complex  turbulent 
flows  (Kline  et  al.t  1982),  and  represents  only  a  small  part  of  the  data  for  the  24° 
corner  reported  in  1975. 

Less  fully  documented  compression-comer  flows  are  described  by  Ardonceau,  CAT8402T,  with 
non-intrusive  (LDV)  instrument at on  backed  up  by  conventional  probe  measurements,  and 
Debieve,  CAT8301T,  using  conventional  probes  with  some  supporting  hot-wire  probe 
observations.  Other  recent  investigations  are  described  by  Kuntz  et  al.  (1987)  and,  using 
a  cylinder/  cone-flare  configuration.  Brown  et  al.  (1987). 

The  flow  remains  attached  throughout  in  the  8"  case.  There  is  an  exceedingly  small 
separation  region  at  the  foot  of  the  16*  rampt  while  the  separation  region  is  estimated 
to  extend  from  about  X  =  -11.2  to  4.1  mm  and  (very  roughly)  -35  to  10  mm  for  the  20°  and 
24*  cases  respectively. 

The  profiles  are  given  in  fine  detail  and  in  most  cases  extend  within  the  momentum  deficit 
peak.  They  are  compared  to  the  inner  and  outer  laws  in  Figs.  10.3.8-12  above.  There  we 
have  used  the  shear-stress  values  declared  by  the  author  as  derived  from  the  Preston-tube 
results.  Profiles  for  series  01-04  are  shown  in  figure  5  of  Smits  &  Muck  (1987)  using  a 
profile  fit  to  obtain  a  wall  shear^stress  value.  The  apparent  fit  is  very  good,  and 
raises  the  question  of  why,  if  there  is  a  log-law  fit,  the  Preaton  tube  does  not  give 
the  same  shear  stress,  and  so  not  the  same  profile.  All  profiles  in  the  interaction 
region,  and  to  a  lesser  extent,  those  downstream,  are  subject  to  normal  pressure 
gradients.  Integral  values  therefore  are  improperly  defined  and  should  be  treated  with 
extreme  reserve. 

The  wall  pressure  values  given  are  those  supplied  by  the  author,  and  in  many  cases  do  not 
exactly  match  the  inner  part  of  the  pressure  profile.  The  pressure  data  and  profile  data 
were  obtained  in  different  runs,  and  as  yet  it  has  not  proved  possible  to  arrange  a  fully 
coherent  normalisation. 

Compression-comer  flows  inevitably  cause  problems  with  the  alignment  of  probes.  For  the 
most  part  the  flow  is  either  broadly  in  line  with  the  free  stream,  or  with  the  downstream 
surface  of  the  model.  When  the  flow  is  separated  there  is  also  a  small,  but  important 
region  in  which  the  flow  is  inclined  roughly  at  5-6*  to  the  free  stream.  In  that  area  of 
the  flow  which  has  the  turning  shock(s)  embedded  in  the  boundary  layer,  the  desired 
alignment  will  change  from  the  downstream  to  the  upstream  direction  as  the  probe  goes  out 
through  the  shock.  While  a  Pitot  probe  will  tolerate  a  measure  of  misalignment,  a  static 
probe  will  be  severely  affected.  (Settles,  1975,  p.29.  St  Taylor,  1984,  p. 34  quote  an 
error  of  30%  at  10*  incidence.)  When  a  probe  is  parallel  to  the  downstream  surface  of  a 
ramp  and  is  traversed  normal  to  the  surface,  it  will  eventually  pass  through  the  shock 
and  become  seriously  misaligned,  and  error  from  this  cause  leads  to  anomalous  results  in 
the  outer  part  of  the  profiles.  The  data  as  received  are  sometimes  cut  off  at  the  shock 
when  this  happens,  and  sometimes  extend  beyond  the  shock,  resulting  in  very  high  recorded 
Mach  numbers  (up  to  3.9)  and  total  pressures  (more  than  double  tunnel  reservoir  pressure). 
(79040411  -  outermost  point.)  Our  curiosity  was  aroused  as  to  why  this  did  not  occur  with 
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series  03,  for  the  16*  rasp,  and  it  is  our  opinion  that,  for  this  case  and  for  series  05, 
the  recorded  static  pressure  outside  the  shock  has  been  replaced  by  the  upstreaa  static 
pressure  or  by  a  separately  aeasured  value  with  the  probe(s)  locally  aligned.  (Settles 
p.29  could  be  stretched  to  iaply  this  -  but  if  so,  why  not  for  all?)  If  this  is  accepted 
as  the  explanation,  it  suggests  that  outside  the  shock,  assuaing  Pitot  alignment  errors 
small,  the  mean  flow  data  can  be  recovered  in  full,  if  not  with  complete  accuracy,  by 
assuaing  constant  static  pressure  with  a  value  of  about  22. 5  kN  ■*.  It  is  not  possible 
to  apply  a  static  correction  to  the  recorded  data,  as  this  would  be  a  function  not  only 
of  inclination,  but  local  Mach  number  and  possibly  Reynolds  number. 

Data  in  the  isediate  vicinity  of  the  shock  wave  aust  be  treated  with  soae  reserve.  Even 
if  the  shock  can  be  considered  stationary,  the  response  of  probes,  particularly  static 
probes,  is  questionable.  In  general  the  shock  oscillates  (see  above)  and  the  probes  do 
not  respond  siaply  by  saoothing  out  the  discontinuity,  but  display  overshoots  of  both 
senses  as  they  traverse  the  shock  (figure  1).  Settles  (p. 67)  was  of  the  opinion  that 
"since  such  of  the  flow  coapression  -  occurs  in  the  fora  of  compression  fans  rather  than 
overt  shock  waves,  the  problea  of  shock  interference  with  the  static  probe  does  not 
appear  to  have  been  crucial”  (see  however  section  9.3). 


Stagnation  Pressure  vs.  Y 
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BOUNDARY  CONDITIONS  AND  EVALUATED  DATA,  SI  UNITS 
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2.5718  —  03 

l.  1  8*6—0  3 

NN 

NN 

1.6323 

1.7712 

-0.1*12 

1.3967 
1.7617 
2.67*S— 03 

3.5651*40* 

2. 8616*402 
6.0**6*402 

1.9116*40* 

9.3371*401 

2.5625*402 

790*0207 

J. 0*90— 02 
INFINITE 

3.1*90 

9.5923-405 

2.7509-402 

1.1173 

1.9272 

1.5990-4112 

7.0338-40* 

1.  9057*405 
2.9266  —  03 

1*2  294—0  3 
NN 

NN 

1.1991 

1.7637 

-0.1*6* 

1.4100 

1.7513 

2 . 8  961  —  0  3 

3.6109*40* 

2. 6610*402 
6.0629*402 

1.8737*40* 
9.2  21 J*40l 
2.5607*402 

790*0208 
3.556 'J— 02 

infinite 

2.38*0 

*.8969-405 

2.7692-402 

1.  10  09 
1.0716 
1.6380-402 

J.  7867*40* 
7.46  93—0* 

1.  3S30  —03 

1.1989* -0  3 
NN 

NN 

3. *87* 
1.7991 
-0.0613 

1.3818 

1 . 7  32  8 
1.8121—03 

3.6800*404 

2.8798*402 

5.4*14*402 

3.43*2*40* 

1.2960*402 

2.6159*402 

7  90*0  209 
*.5  7Z0--02 
infinite 

2. *620 
5.7517  —  05 
2.7822  —  02 

1.1029 

1.0626 

1. 7260-402 

*.♦178*40* 
9.9918  —  0* 
1.4531  —  03 

1.1390--O3 

NN 

NN 

3.7923 

1.8095 

-0.0531 

1.3*09 

1.7962 

1.9  38*—0  3 

3.7950*40* 
2. 0935**02 
5.5357**02 

3,5715*40* 

1.2576*402 

2.6236*402 

79040210 
5. 5880* -02 
INFINITE 

2.5050 
6.3183  —  05 
2.8535-402 

1. 1039 
1.0531 

1.  7960*402 

*.  6996*40* 
9.  4967  —  0* 
l .  Si 2*— 03 

1.11*3—0  3 
NN 

NN 

*.1901 

1.8161 

-0.0900 

1.3539 

1.7997 

2 .1*08—03 

3.86*1*40* 

2.9676*402 

5.6*98*402 

3.6693*40* 

1.2656*402 

2.6883*402 

790*0211 

6.60*0—02 

INFINITE 

2.5*00 
6.7*02-405 
2.8379— 02 

l. 10*7 
1.05*7 
1.3100-402 

*. 90*1  —  0* 
1.0276—05 

1 . 5194  —  0  3 

1.0512—03 

MN 

NN 

*.369* 

1.8203 

-0.1557 

1.318* 

1.8062 

2.1  776—0  3 

3.9100*40* 
2.95 1**402 
5.6608*402 

3.707l«*0* 

1.2391*402 
2.6T1  7"4<j2 

790  *0212 
7.6200—02 
infinite 

2.4690 

6.3978*405 

2.8133-402 

1.1031 

0.9950 

1.8900-402 

*.5647*40* 
9. 3062*40* 

!. 3796  —  03 

1. 1271— 03 
NN 

NH 

4.8630 

1.8282 

-0.22*7 

1.338* 

1.8159 

2.0231—03 

3.9100*40* 
2.9259  —  02 
5. 5738*402 

3.9296*40* 

1.2677*402 

2.6525*402 

790*0  213 
8.6360—02 
inf  in  ite 

2.5190 
6.7199—05 
2. 7889-402 

1.10*2 

1.0300 

1.91*0-402 

5. 0792*40* 
1.0S90  — OS 
1.5127  —  03 

1.1  2  85—0  3 
NN 

NN 

4.5980 

1.8180 

-0.18*1 

1.3*89 

1.80*8 

2.1  962—0  3 

3.9}29*40* 

2.900**402 

5.5992*402 

3.8185*40* 

1.2291*402 

2.6267*402 

790*0  21* 
9. 6520" -02 
INFINITE 

2.5050 

6.6224—05 

2.4050*402 

1.1039 

1.0286 

1.9960-402 

5.0*78*40* 
1. 0**5*405 
1. 5166  —  03 

1.1815—03 

NN 

MN 

*.*637 

1.8162 

-0.13T9 

1.3230 

1.8018 

2. 1 85*— 03 

3.9560*40* 

2.9172*402 

5.6016*402 

3.8*60*40* 

1.2*39*402 

2.6*26*402 

7904-8-2 


12A-5 


CAT  7  904  SETTLES 


6QUN  04  RT  CONDITIONS  AND  EV4LUATE0  OAT  A*  SI  UNITS 


RUN 

NO  « 

TN/TR 

RSD2W 

Cc 

Hi  2 

H12A 

P0* 

PO* 

X  * 

®QQ 

FN/PO 

RED2D 

Cl 

N7  2 

H  32  K 

TH* 

TO* 

R  l 

TOD 

TAUU  * 

D2 

PZZ 

H4  2 

02K 

UO* 

TR 

7904021 5 

2,5050 

1.1039 

5.  2245-404 

1.1617--03 

4.5200 

1.3174 

3.9790  —  0* 

3.8303-404 

1. 0670—01 

6.6016—05 

1. 0254 

1.0828-405 

NN 

1.9185 

1.0057 

2.8059-40 2 

1.2306*402 

INFINITE 

2.7750— 02 

1.9000-402 

l. 53A4 "-03 

NN 

-0.1445 

2.2176--03 

5.5715-402 

2.6144-402 

79040214 

2. SOSO 

1.1038 

5.  1017-404 

1.1931- -0  3 

4.6676 

1.3  377 

4.0020-404 

3.0503-404 

1.1680—01 

6.6*37—05 

1.0372 

1.0595-405 

NN 

1.8149 

1.8008 

2.8467-402 

1.2139-402 

INFINITE 

2.7JT4— 02 

2.0220-402 

1.401O--O3 

NH 

-U . 2050 

2.1468--03 

5.5335-*02 

2 .5109—402 

79040217 

2,4270 

1.1020 

5.5925-404 

1.1967--03 

4.1611 

1.3099 

4.0020-404 

4.0990*404 

1.2700—01 

6.2*91  —  05 

0.9756 

1.1229-405 

NN 

1.0217 

1.8095 

2.0766-402 

1.2699-402 

infinite 

2. 7459-402 

2.0220-402 

1. 5248--03 

NN 

-0.1562 

2.2  0OO--O  3 

5.4036-402 

2.6103-402 

79040301 

2. 8300 

1.1111 

3.1942-404 

1.0*36—03 

5.3753 

1.2911 

2.2510-406 

2.2870-404 

-3.0100—0  2 

5,4970-405 

0.9843 

7.  S049-4O4 

NN 

1.0600 

1.0492 

2.8630-402 

1.0501-402 

infinite 

2.7529— 02 

i. 3300-402 

1.2985  —  03 

KM 

-0.2354 

1.078  3*-0  3 

5.0366*402 

2.5767-402 

79040342 

2.0510 

1. 1116 

3.  3067-40* 

1. 0703—03 

5.5645 

1.2  050 

2.1700-404 

2.2742*404 

-1.2700—02 

5,5704-405 

0.9542 

7 • 9265 -♦ 04 

NN 

1.8550 

1.0419 

2.0523-402 

1 .0*65-402 

INFINITE 

2.7425-402 

1.3850-432 

1.3293—03 

NN 

-0.2531 

1.9719--03 

5.0421*402 

2.5659 "402 

79040303 

2.0440 

1.1115 

3.7254-404 

6.4661  —  0* 

*.9227 

1.3393 

2.4260*404 

2.2807-404 

-0.3500—03 

6.61*6—05 

1.0637 

0.9252-404 

NN 

1.9216 

1.0113 

2.8005-402 

1.0316-402 

INFINITE 

2.7004-402 

3.3500-401 

1. 4699--03 

NN 

-0.2136 

2.Q787--03 

5. 7917-4Q2 

2.3Z60"*®* 

79040304 

3.1000—03 

INFINITE 

2.0510 

6.6226-405 

2.7162-402 

1.1115 

1.5200 

3. 5000-4)0 

4. 1499-404 
9.96)9-40* 
1.6597  —  03 

2.7245— 05 

NM 

NM 

4.2373 

1.7696 

-0.2183 

1.4975 

1.7661 

2. 1604—0  3 

)•  4320—04 

2. 8148  —  02 
5.8139—02 

2 .2  57  9  —  04 
1.0345—02 
2.541  3  —  02 

79040305 

0.0000*400 

INFINITE 

2.8160 

6.4041-405 

2.8001-402 

1.1109 

1.7100 

3.2700-431 

S. 0770-4  04 
1.1945-40S 
2.1192--03 

2.5580--04 

NH 

NH 

3-5091 

1.7*87 

-0.1542 

1.5983 

1.7425 

2.  6004—03 

3.9379—04 

2. 920$  — 02 
5.88  36—02 

7.3029  —  04 
1.0799  — «2 
2.4290—02 

79040306 
3.1000  —  03 
INFINITE 

2.8230 
6.4T31-4Q5 
2.0400  —  92 

1.U10 

1.9531 

3.4900-401 

5.1560-404 

1.2142-405 

2.  1746-- 03 

2.7105—04 

NH 

NH 

2.)738 

1.7540 

-0.1692 

1.4937 

1.7523 

2. 5268—03 

4.4980  —  04 

2.  95  37  —  02 
5.92  26—02 

2 . 3030  —  04 
1,0  94  9  — 02 
2.6505  — 02 

790*0307 

6.3500—0) 

INFINITE 

2.0160 
6.4044-405 
2.8093-4 02 

1.1109 

2.0051 

7.  1900-401 

5.8413-404 

1. 3746-405 

2.  *350-- 03 

5,6242" -0  4 

NH 

NH 

2.3995 

1.7226 

-0.1544 

1.5554 

1.7252 

2.5  969—0  3 

4,80 19—04 
2.91  75—02 

5.  0004—02 

2.30  30—04 

1 .08 48— 02 
2.6263—02 

79040308 

9  .  530  0--03 

infinite 

2.6230 
6.4725-405 
2. 7581-402 

1.1110 

2.1734 

9.5100-401 

6.2033-404 

1.4693-405 

2, 5206--0  3 

7.4028— 04 
NH 

NH 

1.8759 

1.7109 

-0.1767 

1.561  5 
1.7131 
2.4799  —  03 

5.0050**04 

2. 0604  —  02 
5.8345—02 

2.3028  — 04 
1.0633**02 

2. 5018  — 02 

79040309 

1.27Q0--02 

infinite 

2.8230 

6.4731-405 

2.7391—02 

1.1110 

2.2492 

1.0690*492 

6.2126-404 
1.4723-405 
2.5 020—03 

6.3207—04 

NH 

NH 

1.6275 

1.7039 

-0.1070 

1.582* 
1.70*3 
2.3501  —  03 

5. 1799—04 
2.  0487— 02 
S.  0164—02 

2 .3933  —  04 
1.0560  — 02 

2 .5641  —  02 

79040310 

1.9100--02 

INFINITE 

2.8370 

6.6128-405 

2.7423-402 

1.1113 

2.3007 

1.3000-412 

7.72)7-404 
1.8406-405 
3.0901  —  03 

1.0697—03 

NH 

NH 

0.9063 

1.709$ 

-0.1423 

1.5392 

1.7050 

2.0304—03 

5. 4370  —  04 
2.  051 9  —  02 
5.0308  —  02 

2.3031  —  04 
1.0508  —  02 
2. 5664  —  02 

79040311 

2. 5400—02 
INFINITE 

2.6160 

6.4049-405 

2.7491-402 

1.1108 

2.4194 

1.4730-402 

1.0067-405 
2.3773-405 
4,0893"—  03 

1.  1522—03 
NH 

NH 

0.0897 

1.7195 

-0.1227 

1.526$ 

1.7100 

3. 12  50— 03 

5. 5700**04 
2.8591—02 
5.  8214—02 

2.3032  —  04 
1.0631  — 02 
2.5738**02 

79040312 
3.8100— 02 
INFINITE 

2.8300 

6.54  81-4  05 
2.7810-402 

l.llll 

2.6399 

1. 7290-432 

1.0804-405 

2. 5611-405 
4.4149--03 

1.3379  —  03 
NH 

NM 

-0.5176 

1.7390 

-0.1440 

1.4732 

1.7266 

3.1984—03 

6.0850—04 
2. 8923—02 
6. 0004—02 

2.30  50  —  04 
1.068  9—02 
2.6030  —  02 

79040313 

5.O0OO--O2 

infinite 

2.8370 

6,6134*405 

2.0407*402 

1.1113 

2.691B 

1.9730-432 

1.2503-405 

2. 9613-405 
S.2321--03 

1.5205—0  3 
NH 

NN 

-1.1174 

1.7649 

-0.1150 

1.4496 

1.7504 

3.4  996—0  3 

6.2000**04 
2.9542  —  02 
5.9344—02 

2.3033—04 
1.0  885  —  02 
2.0  504—02 

79049314 
7.6  200*-02 

infinite 

2.3060 

6.635 2*405 
2.7645*402 

1.0989 

1.1597 

2.3460*402 

0.7169-404 

1.6655-405 

2.073S--03 

1.  1639—03 

NH 

NH 

2.1906 

1.8175 

-0.0992 

1.3*66 

1.8020 

2.5096—03 

6. 2800—04 
2.0751  —02 
$•3514—02 

5.4152—04 
1.3397  — 02 

2  ,6163  —  02 

79040315 
1.0  160--01 
INFINITE 

2.1720 

6.3763*405 

2.7800*402 

1.0953 

0.9390 

2.5760-432 

6.4768-404 

1.1709-405 

1.4754--03 

1.2511 --03 
NH 

NH 

4.0172 

1.8042 

-0.1205 

1.3707 

1.797$ 

2.0  247—0  3 

5. 0500—04 
2. 0912—02 
$.20  83—02 

0.2303—04 
1,4304**02 
2.0396  —  02 

79040316 
1.2700--01 
Inf  in  rr  e 

2.1930 

6.66 70*405 
2.7400*402 

1.0950 

0.9515 

2.7350-402 

5. 9906  —  0* 
1.0930-40$ 
1.3547--03 

1.  3  329—03 

m 

NM 

4.1445 

1.0271 

-0.1289 

1.3550 

1.0213 

1.8293—03 

5.8000**04 
2.8570  — 02 
5.  20  38— 0  2 

6.0958 04 
1.4007—02 
2,6070—02 

79049317 
1.3970—01 
INF  IN  IT* 

2.1930 

6.4100-405 

2.7005-402 

1.0959 

0.9718 

2. 0250-402 

5.3559-40* 
l.  1530-405 
1.4676--03 

1.  3945—03 
NH 

NH 

3.0063 

1.8330 

-0.1334 

1.3027 

1.827* 

1  .9339—03 

5.0900—04 

2 .891 8— 02 
5. 2346**02 

6.0608—04 

1  .*1 73— 02 

2.6388—02 

79040401 

-3.0100—02 

INFINITE 

2.7880 
6.2007-405 
2.5151*40 2 

1.1102 

0.9372 

1.4170-432 

3. 6785-40* 
3.7170  —♦  0* 
1.3*02  —  03 

1.  1191—03 
NH 

NH 

5.4219 

1.0353 

-0.258* 

1.3166 
1.0132 
2.0224—0  3 

2.  1010—0* 
2.6157—02 
5. 5466**02 

2.3271—04 
9.8456—01 
2.3560  —  02 

79040402 

-1.9050—02 

INFINITE 

2.7240 

5.9599*405 

2.6087*402 

1.1089 

1.5040 

0.  1300-401 

4.  0567-404 
9. 3017-404 
1.5170—03 

6.  )44)—0* 
NH 

NH 

4.6894 

1.7762 

-0.1025 

1.6424 
1.7571 
2.081  $—03 

3.9080—04 
2  •  7131—02 
5. $970**02 

2.4071  —  04 
1.050  2—02 
2.4466—02 

7904C403 
-1  .2700--02 
INFINITE 

2.7450 

6.1*03*405 

2.5008*402 

1.109) 

1.6614 

2.0600-401 

5.4336-404 
1.2055-405 
1.  9135  —  03 

1, 5863" “0 * 
NH 

NH 

3.5530 

1.7357 

-0.1873 

1.6*03 

1.7259 

2.3714—03 

4.O09O"*O4 
2.6090—02 
5.  $055  —  0  2 

2.4612  — 04 
1.0007**02 
2.351  9  —  02 
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12A-6 


7904-B-3 


CAT  T  90  A  SETTLES 


3QUN1A  RT  CONDITIONS  AND  EVALUATEO  0*TAp  SI  UNITS 


NO  * 

tw/tr 

RE92N 

CF 

H12 

M12A 

Ptf* 

AGO 

FW/PO 

R5920 

Cl 

H32 

H32K 

TN* 

TOO 

TAUN  * 

D2 

FI  2 

H42 

D2A 

uo* 

FO* 

TO* 

TR 


7904040* 

-l.U00**-02 

INFINITE 


2.7590  1.1096  5.0592  —  04  1.43T2--04  3.5491 

4.3364—05  1.4529  1.4222— 05  N*  1.7153 

2.4758—02  1.1700—01  2.0591  —  03  NN  -0.1573 


1.8052 

1,7032 

2.4961--03 


4.1089—04 
2.5748—02 
5 .48  Q*  —  Q  2 


2.4859—04 
4.8151  —  01 
2.3204"*02 


79040405 
-6. 3500--03 
INFINITE 


2.8440  1.1114  4.  3672  —  04  7.7623--02  2.7734 

6.6027— 05  1.8238  1.5471  —  0$  NN  1.8134 

2.49JJ“  *02  1.0000—04  2.272t"-03  NN  -0.1408 


1.9307  *.1604—0*  2.2752  —  04 

1.8554  2.5*31— 02  9.5250—01 

2.34*5—03  5.5651  —  02  2.3331—02 


79040*04 
0.0000— 00 
INFINITE 

79040407 
3. 9700“-03 
INFINITE 

790*0408 

1.2700--02 

INFINITE 

790*0*09 

1.5880—02 

INFINITE 

79040*10 
l. 9050—02 
INFINITE 

790*0411 
2.5  40  0— 02 
INFINITE 

7904  0*12 
4.1300--02 

infinite 

79040413 

5.7150—02 

INFINITE 

7904041* 

7.6200—02 

INFINITE 

790* 0415 
9. 5250—02 
INFINITE 

79  0*0416 
1.1430—01 
INFINITE 

79040501 
-6.  3500—02 
INFINITE 

79040502 

-3.0*80—02 

INFINITE 

790*0503 
-1  .0160—02 
INFINITE 

79040504 
O.OOOU— 00 
INFINITE 

79040  505 
1.0  160—02 
INF  IN  ITE 

790*0  50* 
3.0*80—02 
INFINITE 

790*0507 

6.0960—02 

INFINITE 

79040508 

1.0160—01 

infinite 

79040  509 
l  .*229— 0 1 
INFINITE 


1.3590 

1  .36*2**05 
2.6463"*02 

1.0700 

1.0166 

1.000  0—04 

1.6596**04 
2.2144  —  04 

9. 2  740  —  04 

1. 7038—0 1 

NN 

NN 

5.6105 

1.5856 

0.0119 

4,2552  4,61 50—04 

1,5719  2.  7522—02 

1,1044—03  3, 7878  —  02 

4.5  398**04 
1.9325  —  02 

2.3  721  —  02 

1.6990 

2.2142"*05 

2.6592—02 

1.3812 

1.1292 
l.  1200—31 

3. 3266**  04 

5. 0178  —  0* 
1.4088  —  03 

1.  2  333—0* 

NN 

NN 

3.82*5 

1.60*7 

-0.0252 

2,4301  5.0729— 0* 

1.5864  2, 7656**02 

1,7923—0  3  4.4230  —  02 

4 .4  926**04 
1.6859—01 
2.5580  — 02 

1.2000 
1.3170—05 
2.58*6  —  02 

1. 3648 

1.073* 

*. 5800" *0 1 

3. 0*52  —  04 

3.  9667  —  04 
1.6113  —  03 

8.3656—04 

NN 

NN 

4.2363 

1.12*5 

-0.0173 

2.8470  5. 8300—04 

1.2021  2.6881  —  02 

2 , 1749—03  3.4083—02 

5.4312**0* 

2 . 0067  —  02 
2.5  2*5  —  02 

3.1060 

7.71*5—05 

2.  57  36— 02 

1.H65 

3.3715 

7.3790**31 

l.  16*9  —  05 

3.  1452**05 

4.  76*8—03 

6. 0970—04 

NN 

NN 

0.3256 

1.619* 

-0.0608 

2.0748  6,0448**04 

1,5964  2.6765—02 

3.4 265—0 3  5. 8370—02 

1.7929**04 
8.7852  —  01 
2.3  973  —  02 

2.2350 

5.0957-*05 

2.6020—02 

1.0970 
1.3873 
$.0500  —  31 

7.  2212  — 04 

1* 3511  —  05 

1.  9996  —  03 

5.  1 030"  “0* 

NN 

NN 

2.777* 

1.6303 

-0.0*59 

1.9081  6. 2590—04 

1.6065  2.7061—02 

2.4613—03  5.112*— 02 

4.511 5**  04 
1.3014—02 
2.4667  —  02 

2.1590 
5.4577—05 
2.6761  —  02 

1.03*9 

1.2129 

9.  4200  —  01 

7  •  46*7  — 04 

1. 3493  —  05 

1.  8690—03 

5.  S  267— 0  * 

NN 

NN 

3.1561 

1.669* 

-0.0393 

1.7152  6.6110—0* 

1.6491  2.7831—02 

2.4  552—03  5. 09  30— 02 

5.4  508—04 

1 . 3856**02 
2.5419—02 

2.2850 

6.3  7*3—05 

2  .6530—02 

1.0993 
1.2809 
l.  3290—0  2 

1.  0729  —  05 
2.0437—05 
2.3617  —  03 

6.  *610— 0 * 
NN 

NN 

2.5110 
1.691 3 
-0.083* 

1.6272  7.2090**04 

1.6713  2 .7590—02 

2.9068--03  5.2191—02 

5.6231—04 
1.2973  —  02 
2.5121  — 02 

2.1150 
6.4505—05 
...5336  —  02 

1.0937 

1.0913 

1.7960—02 

9.4768  —  04 
1.6931  —  05 
1.8046  —  03 

8.32*2—04 

NN 

NN 

1.10*5 

1.710* 

>0.100* 

1.5*30  7. 51  98—0* 

1.6967  2.6*02  —  02 

2. 5769—03  4. 90  86—02 

6 .8904  —  04 
1.3399  — 02 
2.4140  —  02 

2.0510 
6.14*2—05 
2.5591  — 02 

1.0919 
1.0637 
2.2*30  —  32 

9.  2776—04 
1.6133  — OS 

1.  7759—03 

1. 0503—03 
NN 

NN 

3.5*35 

1  •  7*53 
-0.0586 

1.4365  7.71 50  —  0* 

1.7374  2 . 6614—02 

2.4414— 0J  4.  8478  —  02 

7.2529—0* 

1.3898**02 

2  .*375  — 02 

2.0160 

6.1  275  — 05 

2  •  6018  —  02 

1.0909 

1.0308 

2. 5500"* 32 

9. 5197—04 
1.6289  — OS 
1.9121  — 03 

l*  l  734—0  3 
NN 

NN 

3.5668 

1.7437 

-0.0568 

1.4703  7.87*0  —  04 

1.7346  2. 7059—02 

2.4584  —  03  4. 842***02 

7.6  186—04 
1.4352  —  02 
2.4905—02 

1.9880 

5.8  7  30—  95 
2.71*8  —  92 

1.0901 

1.0503 

2.  7260—12 

9.Q268  — 0* 

1.  3515  —  05 

1.  6*65  —  03 

1.2  $85—0  3 
NN 

NN 

3.2371 

1.79*1 

-0.0500 

1.3431  8 .0320  —  0* 

1.7876  2  •  82  5  5— 02 

2  •  1  30  8—0  3  4  •  9100  —  02 

T  .647  3  —  04 
1.5174—02 
2.5  121  —  02 

2.3230 

6  .*337—05 
2.  *716  —  02 

1.1110 

1.0000 

1.3936—02 

3.2777  —  04 

T.  90  5*  — 0* 
1.1633—03 

1.0»l4»-03 

NN 

NN 

5.4269 

1.95*3 

-0.2183 

1.2  337  2  •  2890—0* 

1.8398  2  •  5704  —  02 

1.7 264—0 3  5. 5250—02 

2.2990—04 
9.5296  —  01 
2.3136**02 

2.3300 

6 .502*— 05 
2.5031  — 02 

Mill 

1.7982 

NH 

5. 0329"*  04 

1 .21*9  —  05 
1.8096  —  03 

NN 

NN 

NN 

3.5354 

1.6929 

-0.2189 

1.757*  4.11 60  —  0* 

1.6790  2.60  32  — 02 

2,  200  3—0  3  5. 56  54  —  02 

2.2389—0* 
9.6207  —  01 
2«3*2$  —  02 

2.8510 
6.7132  —  95 
2.5973—92 

1.1116 

2.2173 

NN 

1.1098  —  05 
2.6637  —  05 
4.1003  —  03 

NN 

NN 

NN 

1.7349 

1.6310 

-0.0602 

2.5220  5,0749  —  04 

1.5945  2. 7012—02 

3,6842—03  5,69  53—02 

2.2888—0* 
9.  892  2  —  01 
2.6301**02 

2.77*0 

6.0300—95 

2  .*810  — 02 

1.1100 

2. 3084 

NM 

1 . *0  02"*  0  5 
3.  3061—05 
5.0858  —  03 

NN 

NN 

NN 

1.1260 

1.6230 

-0.0994 

2.5351  5.  3370  —  04 

1.5753  2 , 5803—02 

4,3066**03  5,  497 9—02 

2 . 3120  —  04 
9.7716—01 

2  •  32*6—02 

2.7310 

5.58  99—05 
2.5303—  02 

1.1090 
2.6896 
1.2180— 31 

1.  5374  —  05 
3.  55 3*  —  0 5 
5.  9337  —  03 

1.0191—0* 

NN 

NN 

0.2872 

1.6204 

-0.1102 

2.4079  6.  1571—04 

1.5903  2 . 6320—02 

4.4135**03  5  •  5184  —  0  2 

2.2892**04 

1 .0157—0  2 

2  «  373  2**  02 

2.7100 

5  •*  122—05 
2.5725"*  0  2 

1.1086 

3. 3887 
5.4950  — J1 

1.6159—05 
3.  49 1 9"*  05 
4.44*7  —  03 

5.5191—0* 

NN 

NN 

-1.0071 

1.6429 

-0.1200 

2.1014  7.7570**0* 

1.6113  2.67  55—02 

4.0  77 3—0 3  5,  5*45—02 

2.2991  —  04 
1.0*20  —  02 
2.413  3—02 

2. 7170 

5  .4  70  8  —  95 
2.50*6—92 

1.1098 
1.9185 
l  •  5299—3  2 

2. 3393  —  05 
5.  38  29"*  05 
9.  0004—03 

1.2  925—0  3 
NN 

NN 

-2.3753 

1.6970 

-0.1162 

1.6*19  8. 9698  —  0* 

1.6687  2.  6090  —  0 2 

4.4791**03  5.48  28  —  02 

2.2391—  0* 
1.0130  —  02 
2.3531**02 

2.6820 
5.1836—05 
2  .4265—02 

1.1090 

4 . 2445 

2. $  1 67**  )  2 

4 . 0777  —  0  5 
9.  2952—05 
1.5340  —02 

2.1*37— Oj 
NN 

NN 

-2.54*3 

1.7759 

-0.3716 

1.  3833  9.71 52  —  0* 

1.7470  2. 5236  —  02 

6.3  827—0  3  5. 36*0  —  0  2 

2,2  819—0* 
9.9503—01 
2.2776  —  02 

1.8390 

4. 1874—05 
2.521  3—02 

1.3171 

1.0057 

3.1661—32 

5.  5996  —  04 

1 «  40  36**  0  5 
1.4034  —  03 

1.3*96—03 

NN 

NN 

3.6*15 

1.9297 

-0.1130 

1.4463  9.4460  — Q* 

1.8249  2.  62  21—02 

1.77*2  —  01  4*  5940—0 2 

9.3922—0* 
1,47X3  —  02 
2.4121**02 

I 
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t 

Y 

PT2/P 

P/PD 

TO/TOD 

H/ND 

u/uo 

T/TD 

R/RD4U/U0 

2 

0.0000m*00 

l.0000"*00 

1.51 999 

1 • 0399’ 

0.00000 

0.00000 

2.73059 

0.00000 

2 

8.3540"- 

04 

1. 6015*400 

1.73837 

1  .04721 

0.29765 

0.46145 

2.40344 

0.33385 

3 

1.2700"- 

03 

2. v  645"4  OO 

1.73695 

1.04495 

0.37636 

0.55204 

2.23014 

0.43019 

4 

1.6350"- 

03 

2. 34 71 "400 

1.67199 

1.04156 

0.41599 

0.60783 

2.1 3495 

0.47602 

S 

2.0900"- 

03 

2.6880-400 

1.62943 

1.03633 

0.45317 

0.64727 

2.04007 

0. 51693 

6 

2.5630"- 

03 

2. 9936"*  00 

1.56535 

1.03335 

C. 48544 

0.6800B 

1.96264 

0.54934 

7 

3.0789"- 

03 

3. 2040 "400 

1.53823 

1.03173 

0.50649 

0.70030 

1.91172 

0.56348 

8 

3.6120"- 

03 

3. 5395*400 

1.46512 

1.02947 

0 • 537  71 

0.72914 

1.83877 

0.59097 

9 

4.1350"- 

03 

3.8212"400 

1.39976 

1.02766 

0.56261 

0.75094 

1.78155 

0.59001 

10 

4.6480"- 

03 

4. 0699-400 

1. 33410 

1.02644 

0.59365 

0.76868 

1.73453 

0.59122 

11 

5.1510"- 

03 

4. 3103*400 

1.26930 

1.02904 

0.60330 

O.T9603 

1.69750 

0.58798 

2  2 

5.6460"- 

03 

4.6192*400 

1.21159 

1.02791 

0.62750 

0.80496 

1.64558 

0 .59266 

13 

6.2380"- 

03 

5.9164*400 

1.15352 

1.02573 

0.65731 

0.82676 

1.53202 

0.60282 

14 

6.9290"- 

03 

5.3429*400 

1.09343 

1.023  96 

0.68222 

0.84400 

1.53054 

0.60299 

IS 

7.5820"- 

03 

5. 9049*400 

1. 04180 

1 .02300 

0.71940 

0.86888 

1.45876 

0.62053 

16 

8.2140"- 

03 

6.0583*400 

1.02691 

1.02354 

0.72957 

0.97572 

1.44077 

0.62416 

17 

8.8350"- 

03 

6.4813*400 

1.01292 

1.02171 

0.75693 

0.93207 

1.33896 

0.65055 

18 

9.5580"- 

03 

6.6771*400 

1.00046 

1.02155 

0.76920 

0.89941 

1.36719 

0.65815 

19 

1.0190*- 

02 

6.9615"400 

1.00090 

1.02139 

0.78674 

0.90961 

1.33675 

0.68047 

20 

1.0780"- 

02 

7.0423*400 

1.00000 

1 .02019 

0.79165 

0.91189 

1.32684 

0.68727 

21 

1.1570"- 

02 

7.2873*400 

0.99696 

1.02093 

0.80638 

0.92052 

1.30310 

0.70426 

22 

1.2260"- 

02 

7.5439*400 

0.99391 

1.02153 

0.32147 

0.92904 

1.27905 

0.72127 

23 

1.2940"- 

02 

7.7549*400 

0.99119 

1.02090 

0.83374 

0.93438 

1.25734 

0.73699 

24 

1.3550"- 

02 

8. 9207*400 

0.99042 

1.01873 

0.84832 

0.94212 

1.23190 

0 • 75 ’44 

25 

1.4220"- 

02 

8.0642*400 

0.99073 

1. 020-29 

0.85129 

0.94400 

1  .22971 

0.76055 

26 

1.4730"- 

02 

9.4173*400 

0.993S2 

1.01992 

0.87092 

0.95332 

1.19817 

0.79057 

27 

1.5630"- 

02 

9.4173*400 

0.99853 

1.01850 

0.87092 

0.95312 

1.19767 

0.79472 

28 

1.6310"- 

02 

9.4436*400 

0.99863 

1.0184? 

0.83335 

0.95917 

1.17349 

0.81273 

29 

1.7130"- 

02 

3.3767*400 

0.99574 

1.01833 

0.89593 

0.96431 

1.16019 

0.82814 

30 

1.7860"- 

02 

9.2550*400 

0.99331 

1-01943 

0.91532 

0.9741? 

1.13140 

0.85524 

31 

1.8460"- 

02 

9.3492*400 

0.99240 

1.01632 

0.92073 

0.97S32 

1. 12210 

0.86259 

32 

1.9290"- 

02 

9.5391*400 

0.99210 

1«01494 

0.93055 

0.97899 

1.10691 

0.87752 

33 

2.0010"- 

02 

9.7362*400 

0.99179 

1.01432 

0.9431? 

0.99414 

1.09975 

0.39650 

34 

2.0680"- 

02 

9.9303*400 

0.99210 

1.01292 

0.95300 

0.99761 

1.07396 

0.91233 

35 

2.1330"- 

02 

1.0276"401 

9.99377 

1.01366 

0.96773 

0.99405 

1.05514 

0.93623 

36 

2.2010"- 

02 

1. 0177"401 

0.99544 

1.01371 

0.96292 

0.99207 

1.06169 

0.93017 

37 

2.2320"- 

02 

1.0326*401 

0.99742 

1.00961 

0.970 19 

0.99306 

1.04771 

0  •  94  53  9 

38 

2.3620"- 

C  2 

1,0333*401 

0.99939 

1.00933 

0.97299 

0.99405 

1.04376 

0.95180 

39 

2.4520"- 

02 

1.06  35 "4Q1 

1.00000 

1.00533 

0.9B772 

0.99302 

1.02095 

0.97754 

40 

2.5240"- 

02 

1.0635*401 

1.00000 

1.00553 

0,98772 

0.99802 

1.02095 

0.97754 

41 

2.5960"- 

02 

1. 0635*401 

1.00000 

1.00353 

0.98772 

0.99703 

1.01392 

0.97851 

42 

2.6820"- 

02 

1.0833*401 

1.00000 

1.00775 

0,99509 

1.00198 

1.01390 

0.98824 

43 

2.7610"-02 

1. 0369-401 

1.00000 

1.00139 

0.99754 

1.00000 

1.00493 

0.99510 

0  44 

2.8520"- 

02 

1.0940"4H 

1.00000 

1 .00009 

1.00000 

1.00000 

1.00000 

1.00000 

45 

2.9540"- 

02 

1. 0940*401 

1.00000 

1.000C9 

1.00000 

1.00000 

1.00000 

1.00000 

46 

3.0530"- 

02 

1.0940 "401 

1.0009C 

l.OOOCO 

1.00000 

1.00000 

1.00000 

1.00000 

47 

3.1900"- 

02 

1.0999*401 

1.00000 

0.99935 

1.00281 

1.0Q099 

0.99638 

1.00462 

48 

3.3450"-02 

1 • 0999*401 

1.00000 

0.99935 

1.00231 

1.00099 

0.99638 

1.00462 

49 

3.5230"-02 

1.10S0"401 

1.00000 

0.99997 

1.00526 

1.00198 

0.99349 

1.00855 

50 

3.7390*-02 

1.0999*401 

1.00000 

0.99737 

1.00231 

1.00000 

0.99441 

1.00562 

51 

3.9420*-02 

1.0940*401 

1.00000 

1.00020 

1.00000 

1.00000 

1.00000 

1.00000 

52 

4.1760"-02 

1.0999*401 

1.00000 

0.99935 

1.00281 

1.00099 

0.99638 

1.00462 

S3 

4.4910"- 

02 

1.0399-401 

1. ooooo 

0.99791 

0 • 99754 

0.99302 

1.00095 

0. 99707 

56 

4.5720"- 

02 

1.0999*401 

1.00000 

0.99737 

1.00281 

1.00000 

0.99441 

1.00562 

79040  309 
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43  pqints,  delta  at  point  3? 


I 

Y 

PT2/P 

P/P  0 

TO/TOO 

M/M) 

U/UD 

T/TD 

R/RO*U/ U) 

I 

0.0000 ■ 

♦  00 

1.0000*^00 

2.24921 

1.040)0 

o.ooooo 

0.03000 

2.69763 

0. 0009C 

2 

7.6170" 

-04 

l. 4114-+O0 

2.28970 

1.05167 

0.30269 

0  •  67 00 

2.39023 

0.44923 

3 

9.4110" 

-04 

1.6367-+0C 

2.2S295 

1.04879 

0.31792 

0.48664 

2. 34297 

0.  4741  7 

4 

1.3930" 

-03 

1 • 7998 "♦00 

2.26720 

1.94769 

0.33968 

0.51336 

2.29752 

0.50659 

5 

1.8530" 

-03 

1 • 93  56"+  00 

2.24719 

1.04334 

0.36096 

0.54C48 

2.24197 

0.54174 

6 

2.2980* 

-03 

2 • 12  51 "♦OO 

2. 23842 

1.04246 

0.39959 

0.57368 

2.1 7944 

0.58920 

7 

2.8450" 

-03 

2.3077"+00 

2. 23617 

1.038)1 

0.41263 

0.60030 

2.1 1947 

0.63399 

8 

3.2740" 

-03 

2. 4901"*00 

2.221 32 

1.03862 

0.43500 

0.62532 

2.06979 

0.67164 

9 

3.9370" 

-03 

2 • 71 04 "♦00 

2.21165 

1.03411 

0.46015 

0.65165 

2.00552 

0 . 71862 

10 

4.3710" 

-03 

2 • 3045"*OC 

2.20995 

1.03432 

0.478)2 

0.67129 

1 .9  6464 

0.75507 

11 

4.8410* 

-03 

3. 0562 "♦00 

2.20760 

1.03332 

0.49653 

0.69993 

1  .92489 

0. 79C23 

12 

5.4640* 

-03 

3.  25  70 "*00 

2. 18493 

1.03271 

0.51647 

0 ,7080e 

1 .87960 

0.83338 

13 

6.1420* 

-03 

3 . 47  03 "40  0 

2.  17 E  1 3 

I . 0  32  3  7 

0 • 536  66 

0.72722 

1.83522 

0. 86263 

14 

6.7390* 

-03 

3. 7045"400 

2.16239 

1.03251 

0.55792 

0.74646 

1 .790)9 

0.93171 

15 

7.4930" 

-03 

3.9943"*00 

2.08952 

1.031)2 

0.533)7 

0.767<>0 

1. 73447 

0.92533 

16 

7.9600" 

-03 

4. 3900"+00 

2.03014 

1.03021 

0.61566 

0.79462 

1.66595 

0.9633  3 

17 

8.7400" 

-03 

5. 0164 "♦00 

1.84773 

1.03047 

0.66393 

0.83130 

1.57009 

0.9783  9 

18 

9.3650* 

-03 

5. 6866"+00 

1.61268 

1.030J6 

0.71165 

0.86530 

1.47842 

0. 9438  ? 

19 

9.9870* 

-03 

6.  39 91  "♦  00 

1.40936 

1.02313 

0.75912 

0.895)1 

1.39007 

0.9)743 

20 

1.0670" 

-02 

6.91 55*400 

1.24921 

1.02661 

0.79171 

0.91376 

1.33208 

0.95692 

21 

1.1310" 

-02 

7.  32  91  ■♦00 

1.  14090 

1.02435 

9. 81696 

0.92692 

1.23762 

0.82123 

22 

1.2020" 

-02 

7. 7559 "♦QO 

1.06702 

1.02512 

0.94201 

0.9407» 

1.24935 

0.80413 

23 

1.2810" 

-0  2 

3. 15 18"400 

1.03014 

1.02196 

0.86468 

0.95095 

1.20948 

0. *  3  9)4 

24 

1.3610" 

-02 

3.42  73 "»00 

1.01889 

1.02114 

0.87956 

0  .  95793 

1.19613 

0.92236 

25 

1  .4410" 

-02 

3.  55  83 "♦OO 

1.008  77 

1.01821 

0.38735 

0.96032 

1.1 7122 

0.32712 

26 

1.5120" 

-02 

9.  92  27"40C 

1.00202 

1.01869 

0. 99719 

0.9&999 

1.14300 

0. 95C26 

37 

1.5810" 

-0  2 

9.0151 *♦00 

1.00000 

1.017)4 

0.91215 

0.97139 

1.13410 

0. 85653 

23 

1.6380" 

-02 

9. 2081"*00 

1.00000 

1.01502 

0.92242 

0.975)7 

1.117*2 

0.87261 

29 

1.7160" 

-02 

9. 5391 ■♦00 

1.00000 

1.0166) 

0.93978 

0.98355 

1.09531 

0 .89796 

30 

1.7970" 

-02 

9  . 69  28 "♦OO 

1. 000)9 

1.01562 

0.94722 

0.98624 

1 .084)9 

0.9)974 

31 

1.8750" 

-02 

9.  73  79  "♦  00 

l.OOCOO 

2.01416 

0.95005 

0.98674 

1  .  0  73  72 

0.91473 

32 

1.9630" 

-02 

9.  93 19 *♦  00 

1.00000 

1.01049 

0.95997 

0.9391? 

1.06168 

0.93167 

33 

2.0640" 

-02 

1. 0079"401 

1.00000 

1.00868 

0.96741 

0.99133 

1.05305 

0.94407 

34 

2.1550" 

-02 

1.0326 ”401 

1.00000 

1.00756 

0.97931 

0.99531 

1.0  32  93 

0.96406 

35 

2.2580" 

-C  2 

1.06 83*401 

1.00000 

1.00773 

0.98760 

0.99900 

1.02322 

0.97633 

36 

2.3920" 

-02 

l.  06  34  "4  01 

1.00000 

1.00536 

0.99504 

1.00100 

1 .01201 

0.93812 

37 

2.5500" 

-02 

1.0634 •♦31 

1.00000 

1.00335 

0.99504 

1.00000 

1.00999 

0.99011 

3  38 

2.7610" 

-02 

1.0736 "401 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

39 

2 .9950* 

-02 

1.0787*401 

1.00000 

1.00009 

1.00248 

t  fi  a  1  ft  n 

0,99704 

1.0)396 

1  •  u  y  1  u  u 

40 

3.2740" 

-02 

1.0338*401 

1.00000 

1.00217 

1.00496 

1.00299 

0.99608 

1.00693 

41 

3.6120" 

-02 

1.0838*401 

1.00000 

1.00217 

1 .00496 

1.0)299 

0.9  96)8 

1.0)693 

42 

4.0640" 

-C  2 

1.0797*401 

1.00000 

1.000)9 

1.00249 

1.00100 

0,9  97  04 

1.00396 

43 

4.5720" 

-02 

1.0787-401 

1.00000 

1.00293 

1.00248 

1.00199 

0.99903 

1.09297 

7WI-C-3 
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79040311  SETTLES  PROFILE  TASULATTQN  49  POINTS,  Of LT A  AT  POINT  42 


I 

Y 

PT2/P 

P/PD 

TO  'T C2 

M/MO 

U/UD 

T/TO 

R/RD4U/U9 

1 

O.O0O0**O0 

1. 0000 "400 

2.41837 

1.04000 

0.00000 

0.00000 

2.68940 

o.ooooo 

2 

7.617Q"- 

04 

1. 7606*400 

2.57073 

1.05134 

0.33256 

0.50578 

2.31301 

0.56214 

3 

1.1520"- 

03 

1. 8320*400 

2.55622 

1 .04773 

0.34506 

0.52094 

2.27914 

0.58427 

4 

1.6040"- 

03 

1.9540*400 

2. 534*6 

1.04521 

0.354  70 

0.54487 

2.23205 

0.61969 

5 

2.0640"- 

03 

2.0719*400 

2.50735 

1.04240 

0.39210 

0.56530 

2.19880 

0.64771 

6 

2-5860"- 

03 

2.1536*400 

2.49818 

1.04212 

0.39347 

0.57876 

2.16366 

0.66825 

7 

3.0780"- 

03 

2.2882*400 

2.49334 

1.03848 

0.41122 

0. 59840 

2.11757 

0. 70459 

8 

3.5000"- 

03 

2.3372*400 

2.48609 

1.03657 

0. 42365 

0.61197 

2.03659 

0.72913 

9 

4.0360"- 

03 

2.5445"400 

2.48125 

1.03635 

0.44247 

0.63290 

2.04598 

0.  76755 

to 

4.6510"- 

0* 

2.7104"*00 

2.47158 

1.03149 

0.45129 

0.6514$ 

1.99436 

0. 80733 

11 

4.9250"- 

03 

2.8510*400 

2.47158 

1-03251 

0.47656 

0.66770 

1.96300 

0. 34069 

12 

5.5730"- 

03 

2. 9217-400 

2.46191 

1.03234 

0.48402 

0.87527 

1.94641 

0.854L2 

13 

6.0660"- 

03 

3.18G7"*00 

2- 45949 

1.031)3 

0. 510  30 

0. 70110 

1.89759 

0.91351 

14 

6.5410"- 

03 

3.3644"»00 

2.46191 

1.03035 

0.52805 

0.71795 

1.84353 

0.95617 

15 

7.0560"- 

03 

3.4971*400 

2.45707 

1.0322? 

0.54040 

0.73001 

1. 82429 

0.93322 

16 

7.4680"- 

03 

3.5667*400 

2.46191 

1.03066 

0.54683 

0.73529 

1.80778 

1.00135 

17 

7.9680"- 

03 

3. 7045*400 

2.45465 

1.02971 

0.55930 

0.74616 

1.77979 

1.02909 

18 

8. 5450"- 

03 

3.8907-+00 

2.45949 

1.02917 

0. 57564 

0.76032 

1.74458 

1.07199 

19 

8.9510"- 

03 

3.9943*400 

2.46191 

1.03033 

0.59452 

0.76839 

1.72812 

1 . 0  9  46  7 

20 

9.4030"- 

03 

4.1422*400 

2.45707 

1.02956 

0.59695 

0-77856 

1. 70106 

1.12459 

21 

9.8860"- 

03 

4.4073*400 

2.45223 

1.02891 

0.61851 

0.79601 

1.65580 

1.17899 

n 

1.0430"- 

02 

4.5015*400 

2.45465 

1.0287? 

0.62607 

0.80190 

1.64057 

1.19981 

23 

1.0990"- 

02 

4.6558*400 

2.45465 

1.0281 3 

0.63814 

0.81107 

1.61541 

1.23244 

24 

1.1370"- 

02 

4. 94 97"*00 

2.45707 

1.0281? 

0.66051 

0.92802 

1.57151 

1.29461 

25 

1.2080--02 

4.9830*400 

2.44931 

1.02833 

0.66300 

0.02991 

1.56699 

1.29755 

26 

1.2570"- 

02 

5 • 1 564  *^0  0 

2.44014 

1.02573 

0.67579 

0.83919 

1.53839 

1.32950 

27 

1.2930"- 

02 

5. 2935-400 

2.43550 

1.02576 

0.69572 

0.84526 

1.51945 

1.35475 

29 

1.3510"- 

02 

5.2591-400 

2.42321 

1.0251? 

0.69324 

0.54327 

1.52331 

1.34143 

29 

1.4190"- 

02 

5.1224-400 

2.37338 

1.02113 

0.67330 

0.83450 

1. 53617 

1.28957 

30 

1.4060"- 

02 

5.1564-400 

2.16251 

1.02017 

0.67579 

0.93599 

1.52999 

1.18146 

31 

1.5530"- 

02 

5.3282"4©0 

1,94607 

1.0193*. 

0.69821 

0.9^457 

1.50600 

1.09135 

32 

1.6130"- 

02 

6.2095*400 

1.62814 

1.0U3  3 

0.74858 

0.98195 

3.39909 

1.02912 

33 

1.6910"- 

02 

7.7132-400 

1.30810 

1.01148 

0.84162 

0.93410 

1.23184 

0.99193 

34 

1.7610"- 

02 

8. 5069-400 

1.19855 

1.00564 

0.83672 

0.95394 

1.15736 

0.98798 

35 

1.8330"- 

02 

9. 3492*400 

1.09770 

1.00725 

0.93217 

0.97557 

1.09528 

0.97773 

36 

1.9020"- 

02 

9. 9808-400 

1.04111 

1  .00484 

0.964  34 

0.99834 

1.04929 

0.93063 

37 

1.9700"- 

02 

1. 0276-401 

1.01499 

1.00463 

0.97976 

0.99432 

1.02994 

0.97939 

38 

2.0470"- 

02 

1.0383-401 

1.01040 

1.00274 

0.9850? 

0.99551 

1.02128 

0.98490 

39 

2.1250"- 

02 

1.0433*401 

1.00677 

1.00196 

0. 93757 

0.99611 

1.01737 

0.98573 

40 

2.2210"- 

02 

1.0584-401 

1.00604 

1.00337 

0.99503 

1.00000 

1.01002 

0.99607 

41 

2.3170"- 

02 

1.0634-401 

1.00121 

1.00193 

0.99751 

1.00000 

1.00499 

C. 99624 

D  42 

2.4420*- 

02 

1.0685-401 

i.OOCOO 

1.0 0000 

1.00000 

1.  ooooo 

1. QOOoO 

1. OOOOO 

43 

2.6160"- 

02 

1.0685-4Q1 

1.00000 

1. ooooo 

1.00000 

1.03090 

1.00000 

1. ooooo 

44 

2.8320"- 

02 

1.0635-401 

1. 00000 

0.99602 

1. OOOOO 

0.99801 

0.99602 

1.00200 

45 

3.1090"- 

02 

l. 0635-4Q1 

1. ooooo 

0 .99602 

1.00000 

0.99801 

0.99602 

1.00200 

46 

3.4520"- 

02 

1. 0736*401 

1. ooooo 

0.99839 

1.00249 

1. OOOOO 

0.99505 

1.00493 

47 

3.3460"- 

02 

1.0838*401 

1. ooooo 

0.99827 

1 .00746 

1.00199 

0.99918 

1.01295 

40 

4.1910"- 

02 

1.0833*401 

1.00000 

1.00025 

1.00746 

1.00299 

0.99115 

1.01194 

49 

4.5720"- 

02 

1.0838*401 

1.00000 

0.99827 

1.00746 

1.00199 

0.93918 

1.01295 

2  A- 10 
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7  )040313  S6TTt.6i  PROFILE  TA9ULATIDN  36  POINTS,  DELTA  AT  POINT  31 


I 

r 

BT  2/0 

D/P3 

T0/T0D 

M/MO 

u/uo 

T/T3 

R/R0*U/UD 

1 

0  ,0003"*00 

1.0000*00 

2.69179 

1  .039  9b 

0.00000 

0.00000 

2.71401 

0.00000 

2 

9.3750"- 

04 

2.  1354  "♦OO 

2.  7K53 

1 .04060 

0.3  39  59 

0.57376 

2.2  9575 

0.71154 

3 

1.5220”- 

03 

2.21 9  8 " ♦ 0 0 

2.68393 

1.03572 

0.39937 

0.53569 

2 .150  74 

0.73C9C 

4 

2.0690"- 

03 

2.2771 "♦ 00 

2  »  6o9  99 

1 .041*7 

0.40677 

0.59592 

2. 14630 

0.74133 

5 

2.6240"- 

03 

2  •  40  75  "♦  09 

2.64468 

1.04035 

0.42298 

0.61412 

2.10793 

0.77049 

6 

3. 2840"- 

03 

2.  53 24 "♦  00 

2.64334 

1.0  3416 

0.43779 

0.62873 

2.06254 

0.80573 

7 

3.9070"- 

03 

2  •  6  7  8  5  *♦  )Q 

2.62746 

i.032’3 

0.454  35 

0.64622 

2. 02292 

0. 83934 

8 

4.5310"- 

03 

2. 79  15  "00 

2.62130 

1.03300 

0.46669 

0.65934 

1.99603 

0.86605 

9 

5.4009"- 

03 

3  •  03 13  "♦  00 

2.62153 

1  •  i'  306  3 

0.49172 

0.63420 

1.93611 

C .92641 

10 

6.3020"- 

03 

3.  15  55  "OO 

2.609*6 

1.02837 

0.50405 

0.69533 

1.90567 

0.95299 

11 

7.2920"- 

03 

3.  520 "OO 

2.60511 

1.0  2924 

0.53895 

0.72913 

1.83025 

1.03792 

12 

9.3920"- 

03 

3. 9361  "00 

2. 69700 

1.02739 

0.57526 

0.76103 

1.75919 

1.13360 

13 

9.6010"- 

03 

4.  40  73"O0 

2.  5  99  73 

1.02479 

0.61403 

0.79215 

1.66431 

1.23737 

14 

1.0310"- 

02 

4. 6979-+0C 

2.6G135 

1.02631 

0.63533 

0.80994 

1.62238 

1.2)867 

15 

i.1360"- 

02 

5 . 1 564  "OO 

2.60350 

1.02527 

0.67078 

0.93559 

1.55176 

1.40192 

16 

1  .3163"- 

02 

5. 46  79  "OO 

2.60969 

1.02502 

0.69299 

0.85119 

1.50372 

1.47234 

17 

1.4420"- 

02 

5.  9632  "OO 

2.61534 

1.02251 

0.72043 

0.86869 

1.45374 

1.56231 

13 

1.5460"- 

02 

6.  1331  "OO 

2.60754 

1.01935 

0.73810 

0.87393 

1.41799 

1.61626 

19 

1.6310"- 

02 

6 . 24  64  "OO 

2.  6020 

1.01666 

0 . 74551 

0.33221 

1.40036 

1.63949 

20 

1.7200"- 

02 

6.43i3"OC 

2. 60404 

1.0103C 

0.76066 

0.93897 

1.36590 

1.69491 

21 

1.3070"- 

02 

6 . 5595*00 

2. 58923 

1.00857 

0. 76560 

0.39095 

1.36423 

1.70340 

22 

1.9010"- 

02 

6.5m"oo 

2. 56555 

1.010!  i 

0.76806 

0.99314 

1.35221 

1.69455 

2? 

1.9950"- 

02 

6 ,9155"O  j 

2.4*237 

1.00636 

0 • 737  30 

0.90298 

1. 31378 

1.7*617 

24 

2.1080"- 

02 

7. 6707-00 

2. 13436 

1.00692 

0. 332  92 

0.92803 

1.24142 

1.5  )5)3 

25 

2.2230"- 

02 

3.690-00 

1. 51193 

1.004M 

0.8)033 

0.95567 

1.15203 

1.25426 

26 

2.3000"- 

02 

3. 3723*09 

1.31090 

1  •  0  r’  4 1  5 

0.37275 

0.94692 

1.17718 

1.05448 

27 

2.3740"- 

02 

9.  3492"O0 

1.  15132 

1.002.6 

0.92527 

0.97028 

1.09965 

1.01631 

23 

2.4S5C"- 

02 

1 ,0227"Ol 

1.05976 

l .00096 

0.97004 

0.93867 

1.03873 

1.C0363 

29 

2.5320"- 

02 

1.  )433"»01 

1. 03634 

1.00113 

0.93273 

0.99384 

1.02274 

1.00706 

30 

2.6620"- 

02 

1.9685 "*91 

1.01023 

0.99975 

0.99260 

0.99702 

1.00993 

0.99830 

51 

2.8700"- 

02 

1 -0333"*01 

1.  90  00  0 

i.oooro 

1.09000 

1.00000 

1.00000 

1.00000 

32 

3.1650"- 

02 

l  •  0  737*01 

1. OOOOO 

0. 99991 

0.99753 

0.99901 

1.00296 

0,99606 

33 

3.3680"- 

02 

1 .9737"01 

1. 00000 

0.99792 

0.96753 

0.99901 

1.00096 

0,99705 

34 

3.8100"- 

02 

1. 9797-+01 

1. 00030 

0.99991 

0.99763 

0.9990 1 

1.00296 

0.99606 

35 

4.1910"- 

02 

1.0737 "♦ 01 

1. 00000 

0.995)3 

0.99763 

0.99702 

0.99897 

0.99805 

36 

4.5720"- 

02 

1.  9787*01 

1. OOOOO 

0.99593 

0.99753 

0.9970  2 

0.99997 

0,9)90* 

7904-C-5 
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790*0317  SETTLES  »W«U6  TASUlATION  63  POINTS,  DELTA  AT  POINT  28 


I 

r 

PT2/P 

P/PO 

TQ/TOD 

H/MO 

U/UD 

T/TO 

R/PO*U/UD 

1 

0 . 000  3"*00 

1.0000"^00 

0.97392 

1.04002 

0.00000 

o.ooooo 

2.04036 

0.00000 

2 

4.9990**-0* 

2.4812"*00 

1.03984 

1.01935 

0.55860 

0.69279 

1.53817 

0.46834 

3 

9.5650--0* 

2.7686"+00 

1.02527 

1.01541 

0.60055 

0.73035 

1.47901 

0.50629 

* 

1.5*0O"-O3 

2 . 90  81 "+  0  0 

1.02133 

1.01777 

0.61970 

0.74830 

1.45811 

0.52417 

5 

2. 1410"-Q3 

3.0318"^00 

1.01652 

1.02120 

0.63611 

0.76391 

1.44215 

0.53845 

6 

2«6950"-03 

3* 15  55"*  00 

1.010  69 

1.02106 

0.65207 

0.77750 

1.42171 

0.55273 

7 

3.653Q"-03 

3 . 3906"^00 

1.01069 

1.01871 

0.63126 

0.80060 

1.38174 

0.58576 

8 

*• 3840*”03 

3.*019"+00 

1.00777 

1.02014 

0.68263 

0. 502*9 

1.38196 

0.58519 

9 

5  .2350"“03 

3.62l4"*00 

1.00194 

1.01629 

0.70862 

0.82165 

1.34446 

0.61233 

10 

6*0270 "-03 

3.5783"«-00 

0.99417 

1.01554 

0.70360 

0.817*1 

1.34967 

0.60211 

11 

6.6500--03 

3. 7605 "♦00 

0.  993  20 

1.01532 

0.72458 

0.33380 

1.32419 

0.62538 

12 

7,6970"-03 

3. 96Sl"+00 

0.  990  28 

1.01371 

0.74738 

0.85007 

1.29369 

0.65070 

13 

S.3310"“03 

4.0699"+62 

0.95737 

1.01264 

0.75878 

0.35799 

1.27859 

0.66256 

1* 

9.2690--03 

4. 2368"*00 

0.98445 

1.01423 

0.77656 

0.37147 

1.25938 

0.68123 

13 

1. 0150"-02 

4. 4078 "♦00 

0.96348 

1.012C1 

0.79435 

0.38296 

1.23554 

0.70202 

16 

l,1140"-02 

4. 6558"*00 

0. 98251 

1.01405 

0. 81943 

0.90090 

1.20875 

0.73228 

17 

1.2230--02 

5 • 0164"^Q0 

0.98348 

1.01327 

0. 95454 

0.92342 

1.16771 

0.77773 

18 

1. 3340--02 

5.1905"*00 

0.98445 

1.01366 

0.87095 

0.93390 

1.14976 

0.79962 

19 

l,4430"-0  2 

5.54  37"*0  0 

0. 95814 

1.01109 

0- 90 3 33 

0.95229 

1.11134 

0.84699 

20 

1.5430"- 02 

5.7589 "+00 

0.99125 

1.01014 

0.92243 

0.96299 

1.00976 

0.07594 

21 

1 «  6  54  0"-  02 

6.02ll"*00 

0.99223 

l.oos:? 

0.94528 

0.97525 

1.06442 

0.90911 

2? 

1.7720 "“02 

6.  32  25"+0  0 

0.99125 

1.00779 

0.97002 

0.98863 

1.03703 

0.94499 

23 

1.8880"- 02 

6.52U6"400 

0.99  3  20 

1.00763 

0*98723 

0.99721 

1.02032 

0.97070 

2* 

2.0u70"-02 

6. 5595 "♦OO 

0. 99514 

1.00496 

0.99042 

0.99755 

1.01444 

0.97857 

25 

2. 11 50"-02 

6. 4771 ">00 

0.  99708 

1.00446 

1.00000 

1.00223 

1.00446 

0.99487 

26 

2.22S0--O2 

6.6771"+00 

0.99806 

1.00022 

1.00000 

1.00011 

1.00022 

0.9  9  79  5 

27 

2. 3340 "-02 

6.6771 "♦ 00 

0.  99903 

1.00335 

1.00000 

1.00167 

1.00335 

0.99736 

D  23 

2.4430--02 

6.677i"+00 

1. 00000 

l.OOOOC 

1.00000 

1.00000 

1.00000 

1.00000 

29 

2.5430"-02 

6.S373"-»00 

1. 0C097 

0.99569 

0.99631 

0.99621 

0.99880 

0.99333 

30 

2 . 6420 "-02 

6 • 67  71 "♦OO 

1.00194 

0.998*4 

1.00000 

0.99922 

0.99844 

1.00273 

31 

2.74l0"-02 

6.6373"+00 

1.  00389 

0.99523 

0.99681 

0.99599 

0.99835 

1.00151 

32 

2.3630"-02 

6. 5986"^00 

1. 00583 

0.99694 

0.99362 

0.99521 

1.00320 

0 . 9  9  7?  1 

33 

2. 9670 02 

6. 6378" +0  0 

1.00777 

0.99590 

0.99681 

0.99632 

0.99902 

1.00505 

3* 

3 . 0  380 "- 02 

6. 5986"^90 

1.00777 

0.99761 

0.99362 

0.99554 

1.00380 

0. 99940 

35 

3. 1*  50 "-02 

6.6373"^90 

1.00875 

0.99655 

0.99681 

0.99654 

0.999*7 

1.00579 

36 

3. 2 160"- 02 

6.63  78*^00 

1.01069 

0.99635 

0.99631 

0.99654 

0.939*7 

1.00773 

37 

3. 30  5C "-02 

6.6378"+00 

1.01069 

0.99613 

0.99681 

0.99643 

0.99925 

1.00734 

39 

3. 3930 "-02 

6.6771"^00 

1.0C875 

0.99399 

1.00000 

0.99699 

0.99399 

1.01179 

39 

3.4800"-02 

6. 5906"*OO 

1.  00777 

0.99434 

0.99362 

0.99376 

1.00028 

1.03120 

*0 

3.5890 "“02 

6 . 63  7  3"*00 

1.0C777 

0.99412 

0-99681 

0.99543 

0.99724 

1.00595 

*1 

3.6300  "-02 

6.6771 "♦OO 

1.0C583 

0.99399 

1.00000 

0.99699 

0.99399 

1.00097 

*2 

3  .7  590  "“02 

6. 5936"+30 

1.00389 

0.99404 

0.99362 

0.99376 

1.00028 

0. 99734 

*3 

3.8280"“02 

6. 6771 "+00 

l.OC  292 

0.99399 

1.00000 

0.99699 

0.99399 

1.00594 

*4 

3. 9370"“02 

6. 6378"*00 

1.00194 

0.99412 

0.99631 

0.99543 

0.99724 

1.00013 

45 

4 . 0340  "-02 

6. 6378 "*00 

1.00000 

0.99412 

0.99681 

0.99543 

0.99724 

0.99819 

46 

4.1250--02 

6.6771"+00 

0. 99806 

0.99399 

1.00000 

0.99699 

0. 99399 

1.00107 

47 

4.2110»“0 2 

6.  5986"^00 

1.00097 

0.994C4 

0.99362 

0.99376 

1.00028 

0.99444 

43 

4 . 30  50"~02 

6. 5986"*00 

1.00292 

0.99494 

0.99362 

0.99376 

1.0 0028 

0. 99637 

49 

4. 3990"“02 

6*  5986"*00 

0.99806 

0.99434 

0.99362 

0.99376 

1.00028 

0.99154 

50 

4 . 4  960 02 

6.6771"*00 

0.99611 

0.99399 

1.00000 

0.99699 

0.99399 

0. 99912 

51 

4.5900--02 

6.6378"*00 

1.00000 

0.99412 

0.99681 

0.99543 

0.99724 

0.99819 

52 

4, 6890 "-02 

6.5986**00 

1*  00292 

0.99434 

0.99362 

0. 99376 

1.00028 

0.99637 

53 

4.7980"“02 

6.6378 "♦ 00 

1.00097 

0.99412 

0.99681 

0.99543 

0.99724 

0.99916 

54 

4.9050»“02 

7 . 0329 "♦ 00 

0.94140 

0.99396 

1.03238 

1.01304 

0.96290 

0.99043 

55 

5.0010"-02 

7. 79  86 ’•♦00 

0.84636 

0.99436 

1.08710 

1.03857 

0.91271 

0.96306 

56 

5.0770 "-02 

6.4432"^00 

0.63659 

0.99399 

0.98085 

0.98707 

1.01272 

0.66920 

57 

5 .  li30"-02 

6. 8755"*0Q 

0.61088 

0.99423 

1.01596 

1.00513 

0.97379 

0.62732 

58 

5 . 2070"“02 

9. J020"*03 

0.45403 

0.99401 

1.19380 

1.09271 

0.82255 

0. 59764 

59 

5.2860"“ 02 

1.0079"*0l 

0.41701 

0.9941 3 

1.24S33 

1.10177 

0.78274 

0.58697 

60 

5 • 4  31 0 "-02 

i.0584"+9l 

0. 39815 

0.99339 

1.27770 

1.11292 

0.75870 

0. 50404 

61 

5.6290 "“02 

1 • 0940"*0 1 

0. 38230 

0 • 993il 

1.30005 

1.12028 

0.74256 

0.57751 

62 

5. 90 60"- 02 

1 . 10  50  "♦■91 

0.37998 

0.993  JO 

1.30689 

1.12251 

0.73774 

0.57816 

63 

6.3500--02 

1.1102"*01 

0.37998 

0.99374 

1.31008 

1.12362 

0.73561 

0.58041 

7  504040  3 


SETTLES 


PROFILE  TABULATION 


59  POINTS*  DELTA  AT  POINT  32 


I 

r 

PT  2/P 

P/P  9 

TO/TOD 

M/HO 

U/UD 

T/TQ 

1 

0.0000“*00 

1. 9000-400 

1.07342 

1.04003 

0.00000 

O.OOOOC 

1.33956 

2 

1 .3330*- 

03 

1. 2369-+00 

1.049  31 

1.01296 

0 .46633 

0.51672 

1.22779 

3 

1.4210"- 

03 

1.2645-400 

1.046  80 

1.01245 

0.49075 

0.54193 

1.21946 

4 

1.5550"- 

03 

1.2920-400 

1.03735 

1 .01203 

0. 51350 

0.56520 

1.21149 

5 

1.6440"- 

03 

1. 3023-400 

1.038  21 

1.01167 

0. 52 167 

C. 57344 

1.20832 

6 

1.7330"- 

03 

1. 31 06-400 

1.038 11 

1.01113 

0.52817 

0 .5799C 

1.20549 

7 

1.7990"- 

03 

1. 3364 "400 

1.03510 

1.01106 

0. 54757 

0.59961 

1.19870 

8 

1.9320*- 

03 

1. 3493*400 

1.03210 

1.01016 

0.55742 

0.60915 

1.19422 

9 

2.0210"- 

03 

1.3730-400 

1.02995 

1.00962 

0.57375 

0.62530 

1. 137  73 

10 

2.1320"- 

03 

1. 3397*400 

1.02759 

1.00929 

0.58508 

0.63645 

1.19331 

11 

2.2210"- 

03 

1 • 4046-400 

1.02537 

1.00372 

0.59492 

0.64599 

1.1 7905 

12 

2.3540"- 

03 

1. 3947-400 

1.02372 

1.00806 

0.53942 

0.63936 

1.1 3065 

13 

2.4430"- 

03 

1.4351-400 

1.02233 

1.00825 

0. 61442 

0.66489 

1.17104 

24 

2.5760"- 

03 

1.4617-490 

1.02050 

2.90768 

0.63067 

0.68056 

1.1 5449 

15 

2.6640"- 

03 

1.  5094-400 

1.91943 

1.00691 

0.65933 

0.736  )0 

1.15298 

16 

2.8420"- 

03 

1.5330-4  30 

1.91717 

1  .005  99 

0.67142 

0.71902 

1.14633 

1  7 

2.9770"- 

03 

1.5511-490 

1.014  )2 

1.00552 

0.631 17 

0.72307 

1.14244 

13 

3.1320"- 

03 

l.  6114-4  00 

1.01224 

1.00511 

0.71203 

0.75633 

1.12962 

19 

3.2670"- 

03 

1. 6535-4 OC 

1.9*923 

1.00437 

0.73483 

0.77751 

1.11952 

20 

3.4210"- 

03 

l. 6620*400 

1.03644 

1.00376 

0.73650 

0 .77330 

1.11817 

21 

3.5760"- 

03 

1.  69  74  -499 

1.00623 

1.00313 

0.75275 

0.79334 

1.11076 

22 

3.7540"- 

03 

l. 6867"400 

1.09849 

1.00237 

0.747  92 

0.79366 

1.11192 

23 

3. 9520*- 

03 

1. 7569-400 

1. 01020 

1.00136 

0. 77833 

0 . 31629 

1.09350 

24 

4.1300"- 

03 

1. 3278-40C 

1.0C992 

1.00141 

0. 90903 

0.34198 

1.03565 

25 

4.2380*- 

03 

1.9130-400 

1. 00895 

1.00023 

0. 040  33 

0.34993 

1.070*1 

26 

4.4650"- 

03 

1.9703-490 

1.9C653 

0 . 99950 

0.86167 

0.33738 

1.04057 

27 

4.663C"- 

03 

2.0545-490 

1.0049) 

0.99994 

0. 89033 

0.91210 

1.04)32 

23 

4. 3410"- 

03 

2.1432-490 

0. 99667 

1.0006  l 

0.92000 

0. 9J650 

1.03619 

29 

5.0850"- 

03 

2.1641-4  30 

0.99410 

0.9993- 

0.92667 

0.94135 

1.03194 

30 

5.2430"- 

03 

2.2279-+00 

1.  90140 

1 • OC 02  ) 

0.94667 

0.95799 

1.02407 

31 

5.4200*- 

03 

2.  3077-400 

1.  0C236 

0.99951 

0.97093 

0.97639 

1.01253 

’>  32 

5.7070"- 

03 

2.4075-490 

1. OCOOO 

l.OOO: J 

1.00000 

1.00000 

1.00000 

33 

5.9310"- 

03 

2.4603-409 

0.99914 

0.99945 

1.01500 

1.01131 

0.99274 

34 

6.1290"- 

03 

2. 5563-400 

0. 99839 

0.99831 

1.04167 

1.03102 

0.97967 

35 

6.3530"- 

03 

2.6311-400 

C. 99603 

0.99839 

1.06167 

1.04605 

0.9  7030 

36 

6.6190"- 

03 

2.7329-400 

0.  992  92 

Q.99S3  > 

1.03833 

1.06495 

0.95750 

37 

6. 8360"- 

03 

2.8145-400 

0.99523 

0.99569 

1.10917 

1.07934 

0.94693 

38 

7.1960"- 

08 

2.9558-400 

0.99420 

Q.994v) 

1.14417 

1.10373 

0.93057 

39 

7.4d50"- 

03 

3.0318-400 

0.99173 

0.99317 

1.16250 

1.11553 

0.92032 

40 

7.7950"- 

03 

3.2060-400 

9.99034 

0.99219 

1.20333 

1.14316 

0.90249 

41 

3.0190"- 

03 

3.3382-400 

0.98930 

0.99176 

1.23333 

1.15239 

0.83826 

42 

8.3740"- 

03 

3.4703-490 

0.937  93 

0.99121 

1.26250 

1.13097 

0.37501 

43 

8.6410"- 

03 

3.5395-400 

0.  9875  5 

0.990C8 

1.27750 

1.18985 

0.84749 

44 

8.9230"- 

03 

3.6371-400 

0.95433 

0.989-0 

1.23833 

1.20273 

0.85322 

45 

9.3730"- 

03 

3.3620-400 

9.97631 

0.990' 7 

1. 34500 

1.23154 

0.83341 

46 

9.  5960"- 

03 

3.9195-400 

0.97359 

0.990)0 

1.35667 

1.23849 

0.83337 

47 

9.3500"- 

03 

4.12)4-400 

0.97252 

0-98964 

1 . 393 i3 

1.26272 

0.81545 

43 

1.0220"- 

02 

4.  1123-400 

0. 97C05 

0. 939^2 

1. 39500 

1.26079 

0.81683 

49 

1.0570"- 

02 

4.3591-400 

0.966  98 

0.989C  9 

1.44250 

1.28745 

0.79658 

50 

1.0900"- 

02 

4.4336-400 

0.  96071 

0.9891 2 

1.46593 

1.30037 

0. T8698 

51 

1.1310"- 

02 

4. 6558-400 

0.95545 

0 . 9 1 8 1  3 

1.49750 

1.31685 

0.77329 

52 

1.1700"- 

02 

4.7202-400 

0. 95148 

0.988?  3 

1. 50917 

1.32299 

0.76849 

53 

1 .2080"-02 

4.  94  97-4  90 

0.946  33 

0.9  38  11 

1.55000 

1 . 34432 

0.75222 

54 

1.2530--02 

5.  15  64*4  90 

0.93933 

0.93762 

1 . 59593 

1.34209 

0.73773 

55 

1  .2880"-02 

5.2935-400 

0.93195 

0.99756 

1.60917 

1  .  37357 

0.72361 

56 

1.3330--02 

5.  5437*490 

0.92100 

0.9  37  56 

1.65033 

1-39340 

0.71264 

57 

1.3700--02 

5. 8316*400 

0.909  33 

0.99021 

1.69750 

1.41574 

0.69558 

58 

1.4020"- 

02 

5.9340*400 

0.901 35 

0.93810 

1.721 57 

1.42656 

0.63657 

59 

1.4530"- 

02 

6. 1703-400 

0. 89418 

0.9  87  )4 

1-75033 

1.43933 

0.67532 

60 

1.4900"-02 

6.  52  96-+00 

0.85423 

0.99724 

1.30417 

1.46146 

0.65618 

61 

1.5370"- 

-02 

7.0013*400 

0.81194 

0.08573 

1.97500 

1.4)926 

0.63036 

42 

1.5790"* 

-02 

7.2373*400 

0.76664 

0.99435 

1.91533 

1.50445 

0.61665 

63 

1.6170"- 

02 

7.87  97-4  00 

9.72574 

0.38416 

1.96917 

1.52333 

0.5  98)4 

44 

1.6560"-02 

7. 5019-400 

0.720  91 

0.99296 

1.94593 

1.51430 

0 .60544 

65 

1.7100"- 

-02 

7.9416-+00 

0.66778 

0.99243 

1.992  >0 

1.5  )  0  94 

0.5  9037 

46 

1.7550"- 

02 

9. 30  20*400 

0.53381 

0.93135 

2.19147 

1.59299 

0.53315 

67 

1  .7810"- 

02 

9.7862-400 

0.492 16 

0.9  3014 

2.240  33 

1.60979 

0.51608 

69 

1.7)90"-02 

l. 0227*401 

0.46382 

0.97339 

2-2^333 

1.62395 

0.50137 

69 

1.9150"- 

-02 

1.0227-451 

0.45953 

0.9  78  i  3 

2.29333 

1.62335 

0.501 37 

70 

1.9460"- 

02 

l.  0695  "♦  9  1 

0.43323 

0.97675 

2 .34667 

1.63673 

0.4)649 

71 

1 .8360"- 

02 

1.  1414-+01 

0.40221 

0.97611 

2.42917 

1.65778 

0.44574 

72 

1.9230"- 

02 

l.  2997*4  il 

0. 38C  35 

0.97433 

2  .4  94  17 

1.67232 

0.44956 

73 

1.9610"- 

02 

1.  2450*401 

0.38722 

0.97450 

2.54167 

1  .*9363 

0.43879 

74 

2.0140"- 

02 

1.  2  8  93-4  01 

0.354  66 

0.97345 

2.59933 

1.69333 

0.42800 

75 

2.0810"- 

02 

1.3467-491 

0.34113 

0.97161 

2 . 64750 

1.7)444 

0.41457 

76 

2.1410"* 

02 

1.3996  -491 

0. 32975 

0.969  )6 

2.70093 

1- * 1 4  3  3 

9.40290 

77 

2.2030"- 

02 

1. 4289**01 

0.32170 

0.96877 

2.73000 

1 .71918 

0. 3  )6  5  7 

79 

2.2740"- 

02 

1.4535-451 

0.31734 

0.96731 

2.74417 

1.72241 

0.39110 

79 

2.3340"- 

02 

1.4654-401 

0. 316  77 

0.966:7 

2.76533 

1  .  724)3 

0.33854 

90 

2.4030"- 

02 

1.4654-491 

3.  31655 

0.96617 

2.74593 

1  .  724)3 

0 .3)3  54 

31 

2.4930"- 

02 

1 . 4T 14—4  9 1 

0.  31601 

0.96631 

2.77157 

1.72544 

C.  3  87)3 

92 

2.5730"-02 

1.4774*491 

0. 315 16 

0.96555 

2.77750 

1.72564 

0.33601 

L 


R/RO*U/UD 

0.00000 
0.44182 
0.46520 
0.4)396 
0.49271 
0.45938 
0.51778 
0.52645 
0.54221 
0.55270 
0.56206 
0.55438 
0.53045 
0.59641 
0.62502 
Q. 63773 
0.64630 
0.67818 
0.70091 
0.70098 
0. 71 858 
0.71529 
0.75067 
0.73254 
0.91925 
0.94200 
0.97361 
0. 90C78 
0.90633 
0.93678 
0.96709 
1.00000 
1.01793 
1.05C72 
1.07324 
1.10435 
1.13444 
1.17921 
1.20144 
1.25444 
1.29526 
1.33343 

1.35452 
1.37951 
1.43485 
1.44698 
1.50595 
1.49728 
1.56140 
1.58743 
1. 62706 
1.63801 
1.69123 
1.7337S 
1. 75639 
1.8019S 
1.85132 
1.87284 
1.95308 
1.90256 
1.91670 
1.87039 
1.84675 
1.80252 
1.73149 
1.5  949  7 
1.5351 8 
1.50225 

1.4) 834 
1.45759 
1.43167 
1.41672 
1.40901 
1.40317 

1.4) 269 
2.40311 
1.39444 
1.39975 
1.40555 
1.40450 
1.40692 

1.40891 


79040*11 


SETTLES 


PROFILE  TABULATION 


94  POINTS,  DELTA  AT  POINT  70 


I 

Y 

PT  2/P 

P/PD 

TO/TOO 

N/MD 

U/UD 

T/TD 

R/RD«U/UD 

1 

o«oooo*+oo 

1.0000-+00 

1.21286 

1.03997 

0.00000 

0.00000 

2.00859 

0.00000 

2 

4.8690**04 

1.2960*^00 

1.24924 

1,03315 

0.28735 

0.39115 

1.85293 

0.26371 

3 

6.8610*-04 

1.30 64 **00 

1.23833 

1.03213 

0.29189 

0.39668 

1.04688 

0.26597 

4 

9.2940**04 

1.3320**00 

1*22498 

1*03054 

0.30273 

0.40996 

1.83384 

0.27385 

S 

1.0620**03 

1.3801 *♦00 

1.21771 

1.02972 

0.32173 

0.43332 

1.81392 

0.29089 

6 

1.1730 "-03 

1.3947*>00 

1.21225 

1.02840 

0.32720 

0  *4 J973 

1.80614 

0.29514 

7 

1.3940**03 

1.4248">00 

1.20532 

1.02830 

0.33804 

0.45291 

1.79501 

0.30425 

8 

1.6810**03 

1.4351 *♦00 

1.20146 

1.02757 

0. 34166 

0.45711 

1.79002 

0.30681 

9 

1.9690"— 03 

1*4754 •♦00 

1.19369 

1.02653 

0.35524 

0.47316 

1.77412 

0.31836 

10 

2.1900--03 

1.4894 *+00 

1.18557 

1.02520 

0.35978 

0.47825 

1.76703 

0.32088 

11 

2.4780"-03 

1.54 50*^00 

1.18C47 

1*02346 

0.37697 

0.49806 

1.74565 

0.33681 

12 

2.6540"-03 

1 • 5792 *+00 

1.17914 

1.02277 

0.38693 

0.50946 

1.73362 

0.34652 

13 

2 •8900"”O3 

1.6246 *♦00 

1.16932 

1.02179 

0.39958 

0.52374 

1.71799 

0.35647 

14 

3.0760*-03 

1.6347*^00 

1.16543 

1.02036 

0.40232 

0.52662 

1.71338 

0.35820 

15 

3.2970*-03 

1 • 6551"*00 

1.16107 

1.01935 

0.40774 

0.53237 

1.70479 

0.36258 

16 

3 .4950*-03 

1.6902 *♦00 

1.15937 

1.01815 

0.41677 

0.54223 

1.69261 

0.37140 

17 

3.6730**-03 

1.72  30  *♦00 

1.15791 

1.01725 

0.42493 

0.55108 

1.68187 

0.37940 

18 

3.8940--03 

1.81 97«^00 

1.15149 

1.01600 

0.44754 

0.57554 

1.65378 

0.40073 

19 

4.0490--03 

1. 8278"^00 

1.14542 

1.01535 

0.44935 

0.57731 

1.65062 

0.40062 

20 

4*  2240"*03 

1.3464"^00 

1.14154 

1.01467 

0.4S343 

0.581S2 

1.64477 

0,40360 

21 

4,4250**03 

1 • 8631**00 

1.14372 

1.01337 

0.45704 

0.58517 

1.63925 

0.40828 

22 

4,«230"-03 

2.01 07*+00 

1.14409 

1.01399 

0.48703 

0.61682 

1.60405 

0.43995 

23 

4.7350"-03 

2.0203*^00 

1.14227 

1.01314 

0.68888 

0.61848 

1.60050 

0.44141 

24 

4.9990--03 

2.0447*^00 

1.13826 

1.01378 

0.49351 

0.62346 

1.59598 

0.46466 

25 

5.1540--03 

2.1251 **00 

1.13911 

1.01350 

0.50834 

0.63852 

1.57774 

0.46100 

26 

5.3090--03 

2.209l»^00 

1.13996 

2  .01264 

0.52317 

0.65313 

1.55851 

0.47773 

27 

5.5520--03 

2.2279-+00 

1*13960 

1.01125 

0.52641 

0.65589 

1.55244 

0.48147 

28 

5.751C"-03 

2.2279"+00 

1.13814 

1.01023 

0.52641 

0.65556 

1.55087 

0.48110 

29 

5.9510**03 

2 • 3671 *+00 

1.13669 

1.00877 

0.54958 

0.67770 

1.52057 

0.50661 

30 

6.0600--03 

2.4ai2*+00 

1.13523 

1.00895 

0.56766 

0.69496 

1.49884 

0.52637 

31 

6.26l0"-03 

2.  5233  •♦00 

1.13244 

1.00928 

0.57414 

0.70116 

1.49141 

0.53240 

32 

6.4360*-03 

2.5568 "*00 

1.13014 

1.00899 

0.57924 

0.70581 

1.48477 

0.53723 

33 

6.7Q30"-Q3 

2, 6531 "+00 

1.13159 

1.01041 

0.59361 

0.71953 

1.46929 

0.55416 

34 

6,9010**03 

2.7356«^00 

1.13231 

1.00976 

0.60843 

0.73271 

1.45021 

0.57234 

35 

7,1220**03 

2. 8510*^00 

1.13354 

1.00802 

0.62187 

0.74400 

1.43132 

0.58921 

36 

7,3430**03 

2.9081  *♦00 

1.13123 

1.00823 

0.62975 

0.75097 

1.42202 

0.59740 

37 

7.4980**03 

3.0318”«00 

1.12966 

1.00711 

0.64643 

0.76491 

1.40017 

0.61713 

38 

7.7650*-03 

3. 0562 *♦00 

1.12699 

1.00655 

0.64968 

0.76746 

1.39547 

0.61981 

39 

8,0090**03 

3. 1951 •♦OO 

1.12456 

1.00632 

0.66775 

0.78251 

1.37328 

0.64079 

40 

8.2300**03 

3.2314"^00 

1.12311 

1.00672 

0.67238 

0.78650 

1.36824 

0.64559 

41 

8.4510**03 

3.2716*^00 

1.12347 

1.00594 

0.67748 

0,79037 

1.36104 

0.65241 

42 

8.7150**03 

3 .42 84 •♦00 

1,12383 

1.00625 

0.69694 

0.80620 

1.33811 

0.67710 

43 

9.0470**03 

3. 6371 •♦00 

1,12371 

1.00516 

0.72196 

0.825 35 

1.30689 

0.70966 

44 

9.2680**03 

3.664 8"^00 

1.12359 

1.00475 

0.72521 

0.82767 

1.30253 

0.71396 

45 

9.5120**03 

3. 7485"^00 

1.12335 

1.00504 

0.73494 

0.83520 

1.29144 

0.72649 

46 

9.8220**03 

3. 9195*^00 

1.12311 

1.00552 

0.75440 

0.84992 

1.26925 

0.75206 

47 

9.9970*-03 

4.0236 ■♦00 

1.12286 

1.00514 

0.76599 

0.85822 

1.25531 

0.76766 

48 

1.0310**02 

4. 0826"400 

1.12032 

1.00533 

0.77247 

0.86298 

1.24805 

0.77466 

49 

1,0530**02 

4. 1764 "♦00 

1.11850 

1.00464 

0.78267 

0.86995 

1.23547 

0.78758 

50 

1,0820**02 

4.3108"^00 

1.11607 

1.00491 

0.79703 

0.88013 

1.21939 

0.80556 

51 

1.1020**02 

4. 4389 ■♦00 

1.11449 

1.00430 

0.81047 

0.88910 

1.20343 

0.82339 

52 

1.1350**02 

4.6l9?**00 

1.11170 

1*00442 

0.82901 

0.90160 

1.16281 

0.84740 

S3 

t ,1 570**02 

4. 6558 "♦ 00 

1.10939 

1.0033? 

0.83272 

0.90382 

1.17806 

0.85151 

54 

1 .1 920"-02 

4. 9835*+ 00 

1*10673 

1.00410 

0.85542 

0.91865 

1.15329 

0.88156 

55 

U212Q--02 

4. 94 97 "♦00 

1.10491 

1.00423 

0.86191 

0.92286 

1.14642 

0.88946 

56 

1.2230**02 

4. 9165  "♦  00 

1.10382 

1.00418 

0.85867 

0.92075 

1.14964 

0.88390 

57 

1.2520**02 

5.0885-+00 

1.10067 

1.00232 

0.87535 

0.93060 

1.13023 

0.90626 

58 

1.267O»-02 

5.1564 •♦OO 

1.09885 

1.00254 

0.88134 

0.93448 

1.12296 

0.91442 

59 

1.2920*-02 

5, 1905  **00 

1.09532 

1.00133 

0.83508 

0.93614 

1.11870 

0.91699 

60 

1  .3  250**02 

5. 2935"^00 

1.08937 

1.00127 

0.89481 

0.94178 

1.10774 

0.926S9 

61 

1 .3470**02 

5. 5437"^00 

1*08514 

1.00PT7 

0.91798 

0.95528 

1.08293 

0.95724 

62 

1 .3620**02 

S.5437^00 

1.08150 

1.00  •?* 

0.91798 

0.95517 

1.09268 

0.95414 

63 

1.3850**02 

5*  6866 "♦OO 

1.07447 

1.00061 

0.93095 

0.96270 

1*06936 

0.96730 

64 

1 .4220**02 

5. 8316 "♦OO 

1.05931 

1.00051 

0.94393 

0.97001 

1.05601 

0.97303 

65 

1.4440**02 

5.941T"^00 

1.05361 

1.00050 

0.95366 

0.97543 

1.04617 

0.98236 

66 

1  ,4670*-02 

6.02ll*+00 

1.04876 

1.00014 

0.96061 

0.97908 

1.03882 

0.98844 

67 

1.4950**02 

6.0957"^OO 

1.04124 

1.00014 

0.96710 

0.98262 

1.03236 

0.99107 

68 

1.5310**02 

6. 2844 "+00 

1.02959 

1.00044 

0.98332 

0.99146 

1.01666 

1.00409 

69 

1.5550**02 

6.3608»^00 

1.02098 

1.000*5 

0.98981 

0.99491 

1.01034 

1.00539 

0  70 

1.5930*-02 

6.4818"«00 

1.00000 

l.ooooo 

1.00000 

1.00000 

1.00000 

1.00000 

71 

1.6150**02 

6.63  78*^00 

0.93581 

0.99975 

1.01297 

1.00653 

0.93732 

1.00499 

72 

1.6410**02 

6.  63  78 "♦00 

0.  966  8  9 

0.99777 

1.01297 

1.00553 

0.98536 

0.98668 

73 

1  .6570**02 

6. 7165 *♦00 

0.95476 

0.99677 

1.01946 

1  00830 

0.97822 

0.98412 

74 

1.6860**02 

6. 7560 "♦OO 

0.93475 

0.99445 

1.02271 

1.00886 

0.97310 

0.96910 

75 

1.6940**02 

6. 7560 •♦00 

0.92929 

0.99421 

1.02271 

1.00863 

0.97267 

0.96365 

76 

1.71 70*-02 

6.  7165 •♦00 

0.910  7J 

0.99348 

1.01946 

1.00664 

0.97500 

0.94029 

77 

1.7320*-02 

6.  52  06  "♦  00 

0.89727 

0.99313 

1.00324 

0.99623 

0.99003 

0.90470 

78 

1.7540**02 

6. 79S7"^00 

0.877  26 

0.99321 

1.02595 

1.00974 

0.96865 

0.91447 

79 

1.7610*-02 

6. 6378**00 

0.86756 

0.99295 

1.01297 

1.00310 

0.98059 

0.88747 

30 

1.7760--02 

6. 5986 •♦OO 

0.846  94 

0.99270 

1.00973 

1.00133 

0.9  S3  42 

0.86236 

81 

1.7960*-O2 

6.4378"^00 

0.81941 

0.99251 

1.01297 

1.00288 

0.98016 

0.83839 

92 

1.81 80*-02 

6.7165  •♦OO 

0.79102 

0.99217 

1.01946 

1.00598 

0.97372 

0.81723 

I2A-14 
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7504041 2  SfTTueS  PROF IL  6  TA8UHTI0N  97  POINTS,  05LTA  AT  POINT  72 


I 

Y 

PT  2/P 

P/P  3 

TO/TOO 

H/KD 

U/’JO 

T/TO 

R/PO^U/OO 

1 

0.0000"* 00 

1.0000*400 

1.230  90 

1.03995 

0.00000 

0.03000 

2.12591 

0.00090 

2 

4 .4270 "“04 

1.3299-+00 

1.41412 

1.04504 

0.2850  3 

0.40004 

1.96920 

0.29728 

3 

5.7560"-04 

1.3613 "♦00 

1.40643 

1.04014 

0.29702 

0.41445 

1.94694 

0.2)939 

4 

7.5230"-04 

1.3971 *♦00 

1.39746 

1  .0  35  7  j 

0.33935 

0.42932 

1.92437 

0.31214 

5 

9.7360"-04 

1.4644-400 

1.37825 

1.035a'1 

0.53203 

0.45755 

1.89841 

0.33218 

6 

1.1730--03 

1.4617-400 

1.37C56 

1.03511 

0.33120 

0.45636 

1.89353 

0.32945 

7 

1.3280"-03 

1.4951 "*Q0 

1.36544 

1.03518 

0.34149 

0.45903 

1.89645 

0.33949 

8 

1 . 5040"-03 

1.5390"*00 

1.353  91 

1.03515 

0. 3S431 

0.43462 

1,8*094 

0. 35072 

9 

l.7260"-03 

1.5634-400 

1.35135 

1.03516 

0.36114 

0.49285 

1.86247 

0.35760 

10 

1.831 Q"-03 

1. 5322*400 

1.34623 

1.03531 

0.35626 

0.49902 

1.85639 

0.36189 

11 

2 • l460"-03 

l.6015**OC 

1.33726 

1.03515 

0.3*1 38 

0.50539 

1.84970 

0. 36516 

12 

2.434Q"-03 

1.6230-400 

1.32573 

1.03334 

0.3*825 

0.51278 

1.83782 

0.36990 

13 

2.766Q--03 

1.6724-400 

1.30903 

1.03163 

0.33932 

0.52534 

1.82092 

0.37770 

1* 

3.l620"-03 

1.7  342*400 

1.30396 

1.028)3 

0.4?  ?39 

0.54148 

1.79731 

0. 39294 

15 

3.3170--03 

1. 7693 -*00 

1.29633 

1.02830 

0.4H55 

0.55003 

1.78617 

0.39996 

16 

3.6070"-03 

1. 31 53*400 

1.29243 

1.02701 

0.421 34 

0.56129 

1.77046 

0 . 4  u  974 

17 

3.894Q--03 

1. 5402*403 

1.28346 

1.02666 

0.42696 

0.55693 

1.76312 

0,4126? 

18 

4. 3360**03 

1.9356 "♦OC 

1.27757 

1.02633 

3.445  )5 

0.53794 

1.73913 

0.43215 

19 

4.5800"-03 

2. 0035-40C 

1.27131 

l.  0253a 

C. 458 64 

0.60126 

1.71357 

0.44495 

20 

4.9100**03 

2. 0107*4 10 

1.26502 

2.02535 

0.45996 

0.63266 

1.71679 

0 . 44407 

>1 

5.3090**03 

2.1072-400 

1.25951 

1.02377 

0.47702 

0.62032 

1.69101 

C. 46203 

22 

5.5960"-03 

2.2279*430 

1.25605 

1.02274 

0.49716 

0.64099 

1.66192 

0.4 3 440 

23 

5  •  8  39  0  *-03 

2. 2469*400 

1.25293 

1.02203 

0.50022 

0.64392 

1.65654 

0.486)7 

24 

6.1060**03 

2. 3077-400 

1.25C03 

1.019)9 

0.50935 

0.65291 

1.63995 

0.4)767 

25 

6.49  20*“03 

2.3671-430 

1.2-619 

1.019)3 

0.51904 

Q  .66179 

1.62573 

0.5J729 

26 

6.7460"-03 

2 . 44  35  *4  00 

1.24414 

1.0:90) 

0. 53129 

0.67392 

1.60999 

C. 52110 

27 

7. 0330 "~03 

2. 5563*4)0 

1.24C 17 

1.0191) 

0.54705 

0.63837 

1.53571 

0.538*6 

28 

7 • 3660**03 

2.7323*430 

1.23479 

1.01852 

0.57155 

0.7121*; 

1.55250 

0. 5664  1 

29 

7.5210**03 

2. 3014*400 

1.23415 

1.01340 

0.59074 

0.7^060 

1.5  3963 

0.57762 

30 

7.7420"-03 

2.9031*400 

1.23312 

1.017)3 

0.5)475 

0.73316 

1.51960 

0.5 ) 4  ?  4 

31 

8.0290"-03 

2.8744*400 

1.231  20 

1.016)3 

0.59037 

0.72883 

1.52405 

0.5)87- 

32 

8 • 2300"-03 

3.0318-400 

1.228)0 

1  .0163  1 

0.61050 

0.74690 

1 .49637 

0.61332 

33 

e.4710"-0 3 

3.1305-400 

1.22621 

1.016)4 

0.62276 

0  .75753 

1 .47964 

0.62773 

34 

8 . 7  31 0"-0  3 

3.  15  55  "4  jo 

1.22493 

1.01652 

0.62532 

0.76032 

1.4  74  34 

0.63123 

35 

9.114 0"-03 

3.  2974-430 

1.22390 

1.01613 

0.6428) 

0.77442 

1 .45105 

C. 65319 

36 

9.4230**03 

3. 3644-400 

1.22416 

1.0153* 

0.650*7 

0.79070 

1.43920 

0.66405 

37 

9.7330**0? 

3.4856-430 

1.22198 

1.014  >5 

C. 65477 

0. *9207 

1.41967 

0.681*8 

38 

1.011 0**02 

3.7204*4)0 

1.21929 

1.01469 

0.6)133 

0.912)7 

1.33408 

0.71618 

39 

1.0180**02 

3.7767-400 

1.21916 

1.01462 

0.69716 

0.31774 

1.3*535 

0.72461 

40 

1 .0  310**02 

3.9361*400 

1.218  90 

1.014;8 

0.71422 

0.33034 

1.35322 

0. 74853 

41 

1 *0  71 0**02 

3.9313*4  00 

1.213  65 

1  .01353 

0.719)4 

0.83409 

1.34562 

0.75538 

42 

1.0970**02 

4,0699*400 

1.21855 

1.01350 

0.72923 

0.94091 

2.33343 

0.76853 

43 

1  •  1130**02 

4.1393*400 

1.21865 

1.0135* 

0.74043 

0.95001 

1.31771 

0.73611 

44 

1.1370"-02 

4. 3699*400 

1.21865 

1.01324 

0.72823 

0.84080 

1.33303 

0.76853 

4  3 

1.1720**02 

4.4523*430 

1.21865 

1.01377 

0.76674 

0.85895 

1.29410 

0.82457 

46 

1 .201 0"-02 

4.4073*430 

1.21634 

1.01364 

0.76236 

0.965*1 

1.29951 

0.81659 

47 

1.2210**02 

4.  61  92*400 

1.21463 

1.01434 

0.79293 

0.8903? 

1.26429 

0.94579 

48 

1,2500**02 

4.7851*400 

1.21455 

1.013  96 

0.7)969 

0.99034 

1.24407 

0.06970 

49 

1.2830**02 

4. 73S1 *4  00 

1.21570 

1.01420 

0.7986? 

0.99095 

1.24437 

0.87042 

50 

1.2980**02 

4. 9165*400 

1.21533 

1.01443 

0.81094 

0.8)918 

1.22945 

0.89921 

51 

1.3210**02 

5.  0164*430 

1.21533 

1.01453 

0.82013 

0.93524 

1.21832 

0.90339 

52 

1.3380**02 

5.0500*400 

1.21533 

1 .0  1475 

0.3231? 

0.90730 

1.21478 

0.90809 

53 

1.3670**02 

5.1905*430 

1.21532 

1.0142) 

0.83539 

0.91521 

1.19879 

0.92733 

54 

1.3850**02 

5.2591*400 

1.21458 

1.01437 

0.34201 

0.91910 

1.19149 

0.93699 

55 

1.4070*-02 

5. 1905*400 

1.21378 

1  .01429 

0.83599 

0.91521 

1.19879 

0.92665 

56 

1 «  4330**02 

5.2935*430 

1.21212 

1  *  0  1 4  *♦  4 

0.84509 

0.92105 

l.l 3789 

0.93984 

57 

1 .4  67Q--02 

5.4679*400 

1.20943 

1.C141J 

0.86039 

0.93036 

1 .1 6926 

0.96232 

58 

1 • 5000"-02 

5. 5083*400 

1. 20597 

1 . 0  1 2  3  3 

0.963  39 

0.93138 

1.16359 

0. 96582 

>J 

1.6260"-02 

5.7227*400 

1.20405 

1.012^9 

0 .93229 

0.94282 

1 .1 4195 

0.99409 

SO 

1.5570**02 

5.7589  *♦'30 

1,20213 

1.01238 

0.89534 

0.94433 

1.13771 

0.99790 

si 

1.5960**02 

5.9417*400 

1,19982 

1.011  )  5 

0. 90066 

0.95311 

1.11937 

1.02116 

62 

1.6l50"-02 

6.  05  33*400 

1.19726 

1.01012 

0.91023 

0.95776 

1.10704 

1.03592 

S3 

1 .650  0"-0  2 

6. 095**400 

1.15316 

1.00877 

0.91335 

0.95835 

1.10211 

1.03806 

*4 

1 .6680**02 

6.0593*4  30 

t.  190S5 

1.00774 

0.910  29 

0.95668 

1.1-3454 

1.03144 

65 

1 • 7030"-02 

6. 1703*400 

1.135  35 

1.0066) 

0.91947 

0.96123 

1.09299 

1.04255 

66 

1  .74l0"-02 

6.1708-400 

1.17817 

1.00473 

0.91947 

0.96036 

1.09091 

1.0371  8 

ST 

1.783 0*-02 

6.  2844-490 

1.  16544 

1.0)394 

0.92367 

0.96502 

1.07983 

1.04421 

68 

1.3140**02 

6. 3603-400 

1.15947 

1.003:9 

0.93479 

0.96794 

1.07219 

1.04674 

69 

1.3710--02 

6.48 13-+30 

1.13975 

1.00135 

0.94442 

0.97228 

1.05996 

1.04556 

70 

1.93  30**02 

6.  63  73-4  )0 

1.19708 

1 . 000  r  2 

9. 95667 

0.97934 

1.04591 

1.03566 

n 

l. 9840**02 

6.  9155-4  jO 

1.9554* 

1.0003? 

0.9*312 

0.93928 

1.02295 

1.02072 

D  72 

2 .0 1 30"-02 

7,20  54-4  30 

1.00000 

1.00000 

1 .000  30 

1.00000 

1.00000 

l. 00000 

73 

2.O610--O2 

7.  5360-400 

0.  92955 

0.99953 

1.02331 

1.01321 

0.9*142 

0.96954 

74 

2  •  0730**02 

7,7132*400 

0.9023) 

0.99950 

1.03720 

1.01743 

0.96225 

0. 95415 

75 

2.0900"-02 

7.7996*400 

0.96525 

0.9992) 

1.04333 

1.02014 

0.95605 

0.92325 

76 

2.1960--02 

7. 92*3*400 

0.  93566 

0. 7991 7 

1.052  52 

1.02426 

0-94702 

0-90381 

77 

2 • 1 1 50  *-02 

3.1079*430 

0.31914 

0. 99857 

1,06521 

1.02967 

0.9)43? 

0 . 90266 

78 

2.  1230*- 02 

3,1957*400 

0. 80423 

0. 9985) 

1.0*1 33 

1.03233 

0-92960 

0-89416 

79 

2. 1 i 90"- 02 

3.  1073*4-30 

0.  762  52 

0.99925 

1.06521 

1.02946 

0.93490 

0.84C45 

30 

2 . 1 520"- 02 

3. SQ*9"430 

0.727)4 

0.9331 9 

1,09279 

1.06137 

0.99312 

0.83372 

91 

2  •  1 630"-02 

9.4173*400 

0.  68  3  2  3 

0.  993)  l 

1,08655 

1.03366 

0.91362 

0.776*4 

92 

2*  1 790 "-02 

3. 6034*490 

0. 65C  >7 

0.99745 

1.09934 

1.04375 

0.90142 

0.75329 

790*041 5 


SETTLES 


PR2FIL*  TABULATION 


113  POINTS,  C?lT*  *T  POINT 


66 


I 

Y 

PT  2/  P 

P/PD 

T0/T9D 

H/HD 

U/UD 

T/TO 

«✓ RD*U/UO 

1 

O.QOOO«*00 

1.0009**00 

1.93032 

1.04001 

0.00000 

0*00000 

1.88538 

o.ooooo 

2 

5.9390**04 

l.5950"+00 

1.09939 

1.02057 

0.41900 

0.53315 

1*61910 

0.36218 

3 

6.87  80  *-04 

1.7083"400 

1.09895 

1.01725 

0.45099 

0.56734 

1.53250 

0.39395 

4 

8 .4  300  *-04 

1. 7645*00 

1,09679 

1.01407 

0.46553 

0*58200 

1.56302 

0.40840 

5 

9.5380"-04 

1.8402*00 

1.09C61 

1.0141 3 

0.48393 

0.60141 

1.54447 

0.42468 

6 

1.0430*- 03 

1.3300"00 

1,08649 

1.01463 

0.49311 

0.61111 

1.53590 

0.43230 

7 

1.1980*-03 

1.9137"+00 

1.  OS  0  30 

1.01574 

0.50199 

0*62059 

1.52834 

0.43866 

8 

1.3530"-0J 

1 .9968  *00 

1. 07*12 

1,01505 

0.51637 

0.63502 

1.51235 

0.45101 

9 

1.4860"- 03 

2.0203"O0 

1.05896 

1.01553 

0.52331 

0.64218 

1.50588 

0.45596 

10 

1.6640"-03 

2.0276*00 

1. 06175 

1.01707 

0.52490 

0.64414 

1.50653 

0.45397 

11 

1.9300 "-03 

2. 0?1 9*00 

1. 05659 

1.01773 

0.53373 

0.65327 

1.49810 

0.46074 

12 

2. 152Q"-03 

2. 1174 "♦00 

1.05247 

1.01323 

0.54266 

0.66228 

1.43946 

0.46797 

13 

2.4620"-03 

2. 1 719*00 

1.04422 

1.01955 

0.55308 

0.67290 

1.48025 

0.47469 

14 

2.6850*-03 

2.1025*00 

1.03907 

1.01861 

0.55506 

0.67452 

1.47676 

0.47460 

15 

3.0380--03 

2. 2198*03 

1,03135 

1.01819 

0.54200 

0.68110 

1.468  75 

0.47850 

16 

3.3930--03 

2.2332 ">00 

1.02247 

1.01757 

0.57440 

0.69277 

1.45459 

0-48697 

1  7 

3.61*0"-03 

2.3161*00 

1.01742 

1.01900 

0. 57937 

0.69762 

1.44988 

0.48954 

IS 

3.3530--03 

2. 3471*00 

1.01526 

1.01647 

0.58482 

0.70224 

1.44186 

0.49447 

19 

4.1710«-0J 

2.3872  *00 

1.01309 

1.01572 

0. 59177 

0.70849 

1.4  3335 

0.50075 

20 

4. 5240"-03 

2.4192*00 

1.00897 

1.01412 

0.59722 

0.71298 

1.42523 

0.50474 

21 

4.8130**03 

2.44  35  *  +  00 

1.00526 

1.01423 

0,60213 

0.71760 

1.42007 

0.50798 

22 

5,1 890 "-G  3 

2.4812*00 

1.000  93 

1 • 01232 

0.60764 

0.72211 

1.41225 

0.51179 

23 

5.5b80*-03 

2.5324*00 

0.99629 

1.01269 

0.61637 

0.72973 

1.40302 

0.51819 

24 

5.8  780"-03 

2.5375 "+00 

0.99263 

1. 0U55 

0.625  30 

0.73735 

1,39184 

0.52589 

25 

6.1*70"-03 

2. 6437*00 

0. 98959 

1.01055 

0.63393 

0.74498 

1.39104 

0.53382 

26 

6.5a60"-03 

2. 72 32 "♦00 

0.98701 

1.01021 

0.64633 

0.75572 

1.36713 

0. 54  560 

27 

6.9650**03 

2. 75  56*00 

0.98402 

1.01071 

0.65129 

0.76022 

1.36248 

0.54905 

28 

7.2970"-03 

2. 77  34 *♦00 

0.93C  93 

1.01039 

0.65476 

0.76311 

1.35334 

0.55103 

29 

7.7l90*-03 

2. 9930 "♦OO 

0.97856 

1.00942 

0.67262 

0.77801 

1,33792 

0. 56904 

30 

8.l4l0"-03 

2. 9033*00 

0.97722 

1.00330 

0.69502 

0.73817 

1.32334 

0.58180 

31 

8 . 6060*-03 

3. 0562 "♦00 

0. 07536 

1.00832 

0.69544 

0.79660 

1.31211 

0.59216 

32 

8.9*10**03 

3.1807*00 

0.97052 

1.00352 

0.71230 

0 .31081 

1,29392 

0.60816 

33 

9.2280*-03 

3. 2460*0) 

C. 96959 

1.00769 

0.72173 

0.31742 

1.29340 

0.61777 

34 

9.6700"-03 

3.3906*00 

0.9&856 

1.00722 

0.74107 

0.83264 

1.26239 

0.63884 

35 

1.0Q70"*02 

3.4538*00 

0.97C72 

1.00619 

0.75000 

0 • R  391 1 

1.25174 

0.65073 

36 

1.0450**02 

3. 5240 "♦90 

Q.97C93 

1.00626 

0.75843 

0.84558 

1.24300 

0.6604 2 

37 

1.0760"-02 

3. 6371*00 

0.97052 

1.00523 

0 . 772  92 

0.85597 

1.22677 

0.67717 

38 

1  •  1000*-02 

3.7098"OO 

0.969  90 

1.00571 

0.79167 

0.87006 

1.20786 

0.69865 

39 

l.H80*-02 

3.7898*00 

0.  96938 

1.00544 

0.79167 

0.86995 

1.20754 

0.69837 

40 

1.1330**02 

3. 7898  *00 

0.96538 

1.00544 

0.79167 

0.86995 

1.20754 

0,69837 

*1 

l.l550"-02 

3. 9651 "*00 

0.96933 

1.00523 

0.81300 

0.88519 

1.13550 

0.72383 

42 

1.1870"-02 

4. 0404 "♦OO 

0.96969 

1.00516 

0.82192 

0.99143 

1.17628 

0.73497 

43 

1.2070**02 

4- 06  99"^  00 

0.97062 

1.00516 

0.82540 

0.89385 

1.17276 

0.73979 

44 

1.21 50"-C2 

4.0996*00 

0.97103 

1.00545 

0.82897 

0.89640 

1.16958 

0.74423 

45 

l.2290*-02 

4. 1593  *00 

0.97176 

1.00557 

0.83581 

0.90125 

1.16271 

0.75324 

46 

1.251 0"-02 

4. 2368*00 

0.97269 

1.00534 

0.844  74 

0.90725 

1.15343 

0.76505 

47 

1 .2670**02 

4.2368*00 

0.973  92 

1.9055* 

0.84474 

0.90737 

1.15377 

0.76585 

40 

1. 31 50*-02 

4.40  78*O0 

0.974  74 

1.0O6 jC 

0. 86409 

0.92054 

1.1 3492 

0.79062 

49 

1. 3310"-C  2 

4. 48  36*00 

0.97557 

1.00672 

0.87252 

0.92643 

1.12738 

0. 80167 

50 

1.3480**02 

4. 5015*00 

0.97639 

1.03665 

0.87450 

0.92770 

1.12535 

0.80490 

51 

1.377  0"-02 

4. 61 92 •♦00 

0.97794 

1.0072  9 

0.88740 

0.93636 

1.11339 

0.82236 

52 

1.4130**02 

4. 6558  *00 

0.97837 

1.00723 

0.89137 

0.93890 

1.10949 

0.82836 

53 

1 .4390**02 

4  •  7351  *•♦  00 

0.97949 

1.00795 

0.90526 

0.94302 

1.09672 

0. 34669 

54 

1 .4750  *-02 

4.8335*00 

0.  98165 

1.00841 

0.91567 

0.95484 

1.03737 

0. 86200 

55 

1  *  5150  *-02 

5.9164*00 

0.93332 

1.008}® 

0.92956 

0.96350 

1.07435 

0.83231 

56 

1 • 5390 "-02 

5. 9395*00 

0.98332 

1*00791 

0.93700 

0.96755 

1.06625 

0. 89274 

57 

1.5700**02 

5  •  1 564  "O  3 

0. 93413 

1.00742 

0.94395 

0.97147 

1.05916 

0.90265 

59 

1.6080**02 

5.2247*00 

0.935 18 

1.00677 

0.95099 

0.97528 

1.05196 

0.91402 

59 

1.6430**02 

5. 3292*00 

0.93753 

1.00607 

0.96131 

0.98106 

1.04151 

0.93021 

50 

1. 6810**02 

5.3970*00 

0.  98  9  90 

1.00539 

0.96825 

0.93475 

1.03437 

0.94241 

51 

1. 7210*-02 

5.5083"00 

0.99196 

1.0041? 

0.97917 

0.99041 

1.02310 

0.96016 

62 

1 • 7610 ■*  02 

5.5792*00 

0.99340 

1.00325 

0.99611 

0.99388 

1.01S82 

0.97195 

63 

1.8030** 02 

S.614**O0 

0.  99  5  35 

1.00235 

0.98959 

0-99538 

1.01175 

0. 97  97  6 

64 

1.3430**02 

5.6149*00 

0. 99835 

1.00142 

0.93958 

0.99492 

1.01031 

0.98265 

65 

1.3810**02 

5.6597*00 

0.99976 

1.00054 

0.99306 

0.99642 

1.00679 

0.9984 8 

66 

1  •  92  50 "*02 

5.6866 "♦00 

0.  9991  8 

0.99991 

0.99653 

0.99804 

1.00303 

0.99420 

67 

1.9540**02 

5. 6366*^0  0 

0. 99948 

0.999H 

0.99653 

0.99804 

1.00303 

0.99451 

0  63 

1.9980**02 

5. 7227"*  30 

1.  00000 

l.ooo  :•) 

1.00000 

1.00000 

1.00000 

l. 00000 

69 

2.0490**02 

5.7227*09 

1.00216 

1.000:3 

1.00000 

1.00000 

1.00000 

1.00216 

70 

2.1000**02 

5.7227*00 

1.00330 

1.0G0C0 

1.00000 

1.00000 

1.00000 

1.00330 

n 

2 • 1650"*02 

5  ■  69  66*00 

1.00371 

0.99875 

0.99653 

0.99746 

1.00187 

0. 99929 

72 

2.2330**02 

5. 6366*00 

1.00371 

0.99737 

0.99653 

0.99677 

1.00048 

0.99999 

73 

2.3020**02 

5. 6366*00 

1.001  36 

0*  9957 5 

0.99653 

0.99596 

0.99995 

0.99895 

74 

2. 3980 *-02 

5.6366*00 

1.00144 

0.99357 

0.99653 

0.99492 

0. 99677 

0. 99958 

75 

2.5220**02 

5. 65  j7"OQ 

1.00155 

0.99129 

0.99306 

0.99180 

0.99747 

0.99585 

76 

2.5650**02 

5.6507*00 

0-99969 

0.99174 

0.993C6 

0.99203 

0.99794 

0.99377 

77 

2.5930**02 

5. 5507*00 

0.99825 

0.99193 

0.993)6 

0.99215 

0.99817 

0. 99222 

78 

2.6570**02 

5.6597*00 

0.99464 

0.99267 

0.99306 

0.99249 

0.99886 

0.98829 

79 

2.7310**02 

5.6507*00 

0.91237 

0.99313 

0.99306 

0.99272 

0.99933 

0.98581 

SO 

2.8070 *-02 

5.6507*^00 

0.  980  5  6 

0.99313 

0.99306 

0.99272 

0.99933 

0. 98202 

31 

2.9180** 02 

5.6507*OQ 

0.  98  278 

0.9931 3 

0.9*306 

0.99272 

0.99933 

0.97629 

32 

3.0120  *-02 

5.6l4?“*00 

0.97907 

0.993*;7 

0.99959 

0-99076 

1.00238 

0.96772 

1 2  A- 1 6 
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79040*16  SETTLES  PROFILE  TABULATION  119  POINTS*  DglTA  AT  POINT  71 


I 

Y 

PT  2/P 

P/P  D 

TO/TOO 

M/HD 

U/UD 

T/TO 

R/RDvU/UO 

1 

o.oooo-*oo 

1.OO0O-+OQ 

1.05031 

1.04001 

0.00000 

0.00000 

1.86207 

0.00000 

2 

4.427Q--0* 

i.9197-*0Q 

1.06606 

1.02051 

0.50905 

0.62689 

1.51652 

0.44068 

3 

5.7560--04 

1.9540"f00 

1.06922 

1.01895 

0.51660 

0.63408 

1.50656 

0.450Q1 

4 

7.3030--04 

2.0545-+00 

1.05871 

1.01914 

0.53773 

0.65533 

1.43524 

0.46713 

5 

8.4100"-04 

2. 1251 "♦90 

1.05661 

1.01932 

0.55181 

0.66926 

1.47099 

0.48073 

6 

9.7360--04 

2.1325-400 

1.05556 

1.01771 

0.56298 

0.67948 

1.45720 

0.49219 

7 

1.2390"-03 

2.2279-+00 

1.05136 

1.02019 

0.57143 

0.68853 

1.45185 

0.49860 

8 

1.4160*-03 

2.3077-fOQ 

1.04726 

1.02005 

0.58602 

0.70235 

1.43642 

0.51206 

9 

1 «  615Q--03 

2.3161 "400 

1. 0*4$3 

1.02199 

0.58753 

0.70443 

1.43757 

0.51184 

10 

1.8590--03 

2.3471-400 

1.0*149 

1.02140 

0.59306 

0.70943 

1.43094 

0.51635 

11 

2.1680--03 

2.3959-400 

1.03193 

1.02136 

0.60161 

0.71755 

1.42258 

0.52051 

12 

2.4340--03 

2.4192*400 

1.02962 

1.02019 

0.60563 

0.72069 

1.41603 

0.52402 

13 

2.9410--03 

2.5021-400 

1.02332 

1.01953 

0.61972 

0.73334 

1.40031 

0.53591 

14 

3.2510--03 

2. 5568-400 

1.01712 

1.01843 

0.62877 

0.74112 

1.39928 

0.54259 

15 

3.6270--03 

2.5993-400 

1.01480 

1.01772 

0.63581 

0.74716 

1.38090 

0. 54896 

16 

3.8710--03 

2.6092-400 

1.013  97 

1.01754 

0.63732 

0.74843 

1.37907 

0.55029 

17 

4.313O--03 

2.6658-400 

1.01103 

1.01593 

0.646  38 

0.75586 

1.36745 

0.55885 

18 

4.6460--03 

2. 7329-400 

1.09599 

1.01521 

0.65694 

0.76480 

1.35533 

0.56767 

19 

4. 933Q--03 

2.8278-400 

1.00494 

1.01365 

0.67153 

0.77676 

1.33796 

0.58342 

20 

5.2200--03 

2.7915-400 

1.00441 

1.01323 

0.65600 

0.77198 

1.34326 

0.57717 

21 

5.5090"-03 

2.8014-400 

1.00273 

1.01323 

0.66751 

0.77316 

1.34162 

0.S7786 

22 

5. 8390--03 

2.3990-400 

I.O0C73 

1.01132 

0.68209 

0.78500 

1.32451 

0.59311 

23 

6.1930--03 

2.9217-400 

0.99517 

1.01108 

0.63561 

0.78767 

1.31987 

0.59390 

24 

6. 5020--O3 

2. 9695-400 

0.99317 

1.01061 

0.69266 

0.79336 

1.31191 

0.60061 

25 

6.8350"-03 

3.0422-400 

C. 994*3 

1.01029 

0.70322 

0.80195 

1.30051 

0.61321 

26 

7.211Q--03 

3.0562-400 

0.99244 

1.00907 

0.70523 

0.80311 

1.29685 

0.61460 

27 

7.6100--03 

3.1305-400 

0.99C13 

1.00830 

0.71579 

0.81159 

1.29556 

0.62  508 

28 

7.8?70"-03 

3.2060-400 

0.98845 

1.00853 

0.72636 

0.81994 

1.27429 

0.63602 

29 

8.2730--03 

3.2060-400 

0.93837 

1.00796 

0.72636 

0.81971 

1.27356 

0.63647 

30 

8.6720--03 

3.3234-400 

0.93876 

1.0  061 7 

0.74245 

0.83167 

1.25476 

0.65536 

31 

8*  91 50 "-O 3 

3.4019-400 

0.98845 

1.00491 

0.75302 

0.83933 

1.24238 

0.66778 

32 

9.0020--03 

3.4538-400 

0. 98834 

1.00359 

0.76056 

0.84456 

1.23306 

0.67694 

33 

9, 2020--03 

3.5125-400 

0.93729 

1.00249 

0.7*761 

0.849*3 

1 .224  56 

0.68485 

34 

9.4230--03 

3. 6490-400 

0.98572 

1.00131 

0.78521 

0.06220 

1.2  05  71 

0.70488 

35 

9 . 5  780--03 

3.6643-400 

0.98487 

1 .001 »7 

0. 73722 

0.86371 

1.20376 

0.70651 

36 

9.6670*-*03 

3.6925-400 

0.98393 

1.00213 

0.79074 

0.86650 

1.20077 

0.71002 

37 

9. 8880--03 

3.7324-400 

0.98435 

1.00329 

0.79577 

0.87068 

1.19711 

0.71593 

39 

1.0090--02 

3.6371-400 

0.93519 

1.00312 

0.78370 

0.861T4 

1.20906 

0.70218 

39 

1.0400--02 

3.7045-400 

0.98635 

1.00467 

0.79225 

0.86870 

1.20230 

0.71267 

40 

1.0750--02 

3.7045-400 

0.936  97 

1.00440 

0.79225 

0.86859 

1.20198 

0.71314 

41 

1.0990--02 

4.0531-400 

0.98719 

1.00421 

0.83501 

0.89900 

1.15914 

0.76564 

42 

1.1100--02 

3.9485-400 

0.936  38 

1.00442 

0.82243 

0.89029 

1.17183 

0.74985 

43 

1.121 0*-02 

4.0699-400 

0.99656 

1.0036? 

0.83702 

0.90016 

1.15656 

0.76785 

44 

1.1440--Q2 

4.0996-400 

0.98572 

1.00371 

0.8*0  54 

0.90260 

1.15311 

0.77157 

45 

1.1790--02 

4.2672-400 

0.  98456 

1.00320 

0.86016 

0.915T2 

1.13335 

0.795S0 

46 

1.2010--02 

4.3234-400 

0.93532 

1.00331 

0.86720 

0.92048 

1.12664 

0.80543 

47 

1.  2120--02 

4.2803-400 

0.9863  5 

1.00352 

0.86167 

0.91688 

1.13225 

0.79873 

48 

1.2450--02 

4.4078-400 

0.  98824 

1.00265 

0.87626 

0.92617 

1.11716 

0.81929 

49 

1 . 2610"-02 

4.3284-400 

0.98903 

1.00220 

0.867  20 

0.92025 

1.12607 

0.80  829 

SO 

1.2760--02 

4.5150-400 

0.98903 

1.00313 

0.83333 

0.93429 

1.10616 

0.83540 

51 

!• 2980"- 02 

4.5373-400 

0.  93908 

1.00302 

0.89639 

0.93940 

1.09830 

0. 84598 

52 

1.3210"-02 

4.6379-400 

0. 98908 

1.00212 

0.90744 

0.94602 

1.08682 

0*86094 

53 

1.3360--02 

4.5150-4  00 

0.98908 

1.00243 

0.88833 

0.93394 

1.10533 

0.83571 

54 

1.3540"-02 

4.6558-400 

0.98939 

1.00142 

0.90392 

0.94346 

1.08940 

0.8S68S 

55 

1 .3800--02 

4.6379-400 

0.989  71 

1.00039 

0.90744 

0.94544 

1.09549 

0.86201 

56 

1.405 0"-02 

4.8178**00 

0.  990  55 

1.00063 

0.92153 

0.95414 

1.07204 

0.88162 

57 

1.424Q--02 

4. 91 65 "♦OO 

0.99170 

1.00019 

0.93209 

0.96041 

1.06169 

0.09710 

58 

1.4510--02 

4. 8835-400 

0.99325 

0.99961 

0.92857 

0.95798 

1.06433 

0.89402 

59 

1.4820--02 

4.9497-400 

0.99506 

1.00008 

0.93561 

0.96250 

1.05831 

0.90499 

60 

1.5130--02 

4.9830-400 

0.99580 

1.00022 

0.93913 

0.96471 

1.05520 

0.91040 

61 

1.5440--02 

5.1564-400 

0.99632 

1.00015 

0.95724 

0.975  SO 

1.03852 

0.93587 

62 

1.5820--02 

5. 1905-400 

0.99632 

1.00042 

0.96076 

0.97771 

1.03559 

0.94064 

63 

1.6100"-02 

5.3282-400 

0.996*3 

1.00025 

0.97435 

0.98584 

1.02267 

0. 96054 

44 

1.6410--02 

5.2247-400 

0.99811 

0.99975 

0.96429 

0.97945 

1.03170 

0.94756 

65 

1.6590" 

*.  ‘•''V-400 

0.99916 

0.99943 

0.97133 

0.93340 

1.02501 

0.95860 

66 

1.6880"-02 

5.4328-4^0 

1. Ovo 10 

0.99927 

0.98541 

0.99141 

1.01221 

0.97955 

67 

1.7190--02 

5.5083-430 

1.00073 

0.99838 

0.992 36 

0.99524 

1.00460 

0.93141 

49 

1.7480"-02 

5. 5792-400 

1*00010 

0.99834 

1.00000 

0.99942 

0.99884 

1.00069 

69 

1.7790--02 

5.5437-400 

0.999  47 

0.99930 

0.99648 

0.99768 

1.00241 

0.99476 

70 

1.8030"-02 

5.5792-400 

0.  9Q9  05 

0.99954 

1.00000 

0.99977 

0.99954 

0.99929 

D  71 

1.8360"-02 

5.5792-400 

1.00000 

1.00000 

1.00000 

t. 00000 

1.00000 

1.00000 

72 

1.8760"-02 

5.6507-4  00 

1.00158 

0.99933 

1.00704 

1.00383 

0.99363 

1.01186 

73 

1 .91 50--02 

5.6149-+00 

1,00289 

0.99840 

1.00352 

1.00116 

0.99530 

1.00980 

74 

1 .9690--02 

5.6149-400 

1.00704 

0.99655 

1.00352 

1.00023 

0.99346 

1.01391 

75 

2.0260--02 

5.6507-430 

1.00861 

0.99614 

1.00704 

1.00197 

0.99996 

1 . 02085 

76 

2.0790"-02 

5.  6866-4  90 

1.00937 

0.99712 

1.01056 

1.00441 

0.987  96 

1.02679 

77 

2.1390--02 

5.8507-400 

1.01250 

0.99821 

1.00704 

1.00302 

0.99202 

1.02372 

78 

2.1960"-02 

5.6507-400 

1.01691 

0.99660 

1.00704 

1.00221 

0.99042 

1.02901 

79 

2.2560--02 

5.6149-400 

1.02143 

0.99378 

1.00352 

0.99884 

0.99069 

1.02983 

80 

2.3360--02 

5.6507-400 

1.020  38 

0.99129 

1.00704 

0.99954 

0.99515 

1.03528 

81 

2.3980--02 

5.S792-400 

1.02363 

0.99374 

1.00000 

0.99687 

0.99374 

1.02685 

82 

2.4550--02 

5.5792-400 

1.  024  16 

0.99629 

1.00000 

0.99814 

0.99629 

1.02606 

i 
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M:  Appr.  1.4  upstream 
of  shock. 

R  Theta  x  1 O'3:  4 
TW/TR:  Appr.  1 
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Continuous  tunnel  with  syMetric  convergent  nozzle.  W  =  0.12,  H  =  0.10,  L  =  0.53  m. 
PO:  96  kN/ma.  TO:  290  K.  Dried  atmospheric  air.  Re/a  x  10“*:  14. 


DBLEHY  J.H. ,  COPY  C.,  RKISZ  J.,  1980.  Analyse  au  velociaetre  laser  bidirectionnel 
d'une  interaction  choc-couche  liaite  turbulente  avec  decolleaent  etendu.  Rap.  Tech. 
37/7078  AY  014. 

And:  Delery  (1983),  J.M.  Delery,  private  ccimnications,  data  tapes. 


1  The  test  boundary  layer  was  foraed  on  a  "half  profile"  or  buap  let  into  the  surface  of 
the  tunnel  floor.  This  was  0.286  a  long  and  consisted  of  a  4°  reap  followed  by  a  circular 
arc  profile  with  radius  0.423  a.  The  anxiaua  height  was  12  while  the  ends  were  faired 
into  the  floor  with  circular  arcs  of  radius  20  sa.  The  flow  accelerated  to  supersonic 
velocity  in  the  throat  so  foraed.  It  then  entered  a  shock  boundary-layer  interaction  with 
the  first  leg  at  about  0.260  a  froa  the  start  (X  =  0)  of  the  buap.  The  second  leg  of  the 
interaction,  and  the  shock  in  the  free  streaa,  oc cured  opposite  the  end  of  the  buap.  The 

4  two  branches  of  the  shock  net  at  about  Y  =  50  ms.  The  pressure  history  is  given  in 
table  1.  Measurements  were  Bade  on  the  tunnel  centreline  and  began  at  X  =  0.27  a,  after 

8  the  start  of  the  interaction,  with  the  flow  already  separated.  Reattachaent  occured  at 
about  the  12th  profile  station  (X  *  0.326).  A  further  16  profiles  were  taken  at  increasing 
intervals  back  to  X  =  0.540  n.  The  position  of  the  shock  was  controlled  by  an  adjustable 
second  throat  mounted  on  the  top  surface  with  its  area  minimum  at  about  X  =  (8)  0.524  a. 

3  Boundary  layer  transition  was  natural  and  the  Bean  flow  and  turbulence  distributions  at 
the  onset  of  the  interaction  showed  the  layer  to  be  fully  developed. 

5  Oil  flow  visualisations  showed  that  the  separation  line  was  nearly  straight  and 
perpendicular  to  the  flow,  but  that  there  was  "a  rather  strong  distortion  of  the 
reattachaent  line.  However  the  presence  of  three-dimensional  effects  was  not  thought  to 
alter  radically  the  general  features  of  the  flow  and  the  behaviour  of  turbulence.  The 

2  shock  system  can  be  considered  as  steady  in  the  sense  that  no  large-scale  oscillations  of 
the  shock  were  revealed  by  optical  observations"  (interferometry  with  short  time  exposure). 

6  Wall  pressure  was  measured  at  40  tappings  on  the  bump,  21  on  the  tunnel  wall  downstreaa, 

7  and  also  at  72  stations  on  the  top  wall.  Profiles  were  measured  normal  to  the  tunnel  axis 
with  a  IDA  developed  by  ONBRA.  This  was  a  two-component  device  using  a  modulation  frequency 
of  7.5  MHz,  allowing  the  simultaneous  measurement  of  mean  velocities  and  the  Reynolds 
stress  tensor  components.  The  flow  was  seeded  with  incense  smoke  injected  well  upstream 

of  the  test  section.  The  cross  section  of  the  measurement  volume  was  about  300  micron  in 
diameter.  An  experimental  point  is  constructed  from  about  5000  samples.  The  data  were 
processed  with  a  DISA  66L  analyser.  The  mean  flow  field  was  also  surveyed  with  a  holographic 
interferometer  and  the  authors1  sketch  of  the  flow  is  reproduced  above  as  figure  10.4.1. 

The  source  paper  presents  profiles  of  the  mean  velocity  components  U  and  V,  their 
fluctuation  intensities  and  u' v'  while  the  data  tape  (PC)  gives  the  Mach  number.  This 

9  was  derived  from  the  velocity  and  the  total  temperature  of  the  flow,  measured  in  the 
settling  chamber.  In  the  boundary  layer  the  modified  Crocco  temperature  distribution  was 
assumed.  The  wall  temperature  was  assumed  to  equal  the  recovery  temperature  as  runs  lasted 
several  hours.  The  Mach  number  in  the  free  stream  was  also  deduced  from  the  density  as 
measured  from  the  holograms,  assuming  that  entropy  changes  in  the  shocks  were  negligible. 
Profiles  for  stations  4,  6,  8  and  10  are  interpolated  by  the  authors  from  neighbouring 
data. 

12  In  order  to  complete  the  profile  presentation  in  section  C,  the  editors  have  set  the 
static  pressure  equal  to  the  wall  value.  (See  the  remarks  in  the  editors'  comments  below.) 

We  have  chosen  to  set  the  zero  for  Y  at  the  surface  of  the  bump.  We  have  interpolated 
wall  pressure  data  for  stations  18,  19,  20,  22,  23,  25,  27,  and  28.  The  data  describe  the 

13  velocity  field  in  a  boundary  layer  interacting  with  a  quasi-normal  shock,  and  the 
succeeding  recovery  process. 

9  DATA:  80020101-0128  TVro-component  LDV  profiles  for  the  mean  and  fluctuating  velocities, 
and  their  cross  correlation.  NX  =  28.  Wall  pressures.  Holographic  interferometry. 
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15  Editors1  cn—nnts: 

The  entry  describes  the  first  of  a  series  of  investigations  designed  to  provide  basic 
data  on  the  quasi-normal  shock  (QNS)  boundary- layer  interaction.  Succeeding  experiments 
are  described  in  CAT8003T,  and  use  a  different,  symmetrical,  geometry.  These  experiments 
and  many  others  are  discussed  in  detail  in  Delery  (1986)/  Delery  &  Marvin  (1986).  J.  wide 
range  of  similar  flows  has  been  studied  by  Liu  &  Squire  (1988)  and  a  selection  are 
reported  in  CAT  8501T. 

The  large  number  of  profiles,  at  close  intervals,  is  most  valuable.  Given  the  desire  to 
use  only  non— intrusive  measurements ,  the  data  are,  inevitably,  functionally  incomplete, 
requiring  either  pressure  or  density  information.  This  might  have  been  obtained  from  the 
interferometer,  though  possibly  such  data  would  not  be  sufficiently  accurate  in  a  region 
with  large  gradients.  We  repeat  here  our  warning  that  without  the  density,  the  velocity 
fluctuation  values  do  not  give  the  Reynolds  stresses.  Skin-friction  data  would  also  have 
been  most  valuable.  The  separation  and  reattachment  points  were  not  recorded.  The  authors 
suggest  that  the  reattachment  point  can  be  found  by  an  interpolation  to  determine  where 
the  recirculation  region  has  become  vanishingly  small,  but  are  less  hopeful  about 
determining  the  separation  point  using  such  a  procedure.  The  values  suggested  by  the 
sketch  in  fig.  (10.4.1)  are  X  =  262  and  324  na. 

The  editors1  assumption  of  constant  static  pressure  along  a  normal  appears  reasonable 
for  the  majority  of  the  profiles.  However,  inspection  of  the  total  pressure  profiles 
suggests  that  the  static  pressure  may  fall  by  up  to  8*  in  the  outer  part  of  the  boundary 
layer  just  ahead  of  the  shock  (see  the  isobars  in  figure  (10.4.1),  while  it  is  rising  in 
the  region  just  behind  the  shock.  The  profiles  most  affected  are  01,  2,  5,  6,  and  integral 
values  for  these  profiles  will  be  inaccurate  and  improperly  defined.  The  D-state  has  been 
set  at  the  outermost  point  and  is  essentially  arbitrary. 

We  must  have  seme  reservations  as  to  the  influence  of  three-dimensional  effects  and 
shock  steadiness,  as  discussed  in  8  9.3  above.  There  is  likely  to  be  a  very  similar 
interaction  on  all  the  other  three  tunnel  walla,  with  substantial  secondary  flows  in  the 
separated  flow  region.  The  high  subsonic  flow  downstream  will  be  sensitive  to  small 
changes  in  effective  wall  position  and  the  thickened  and  disturbed  boundary  layers  will 
give  a  strong  displacement  effect.  (See  for  instance  Schofield,  1985  and  Reda  &  Murphy, 
1973.  ) 

The  interpolated  profiles  04,  06,  08,  10  have  been  retained  at  the  suggestion  of  the 
authors,  to  assist  in  any  reconstruction  of  the  flow  field  as  a  whole.  Since  there  are 
no  wall  shear-stress  values,  we  are  unable  to  cosment  on  the  profile  quality  in  any 
detail.  Turbulence  profiles  are  presented  as  figures  (11.2.26,  11.3.10).  (Note  that  the 
representative  R  Theta  value  in  the  heading  to  this  entry  is  the  authors1  value  for  the 
boundary  layer  upstream  of  the  data  reported  here.) 

Table  1:  Pressure  distribution  on  the  test  surface. 


X 

P. 

X 

E_ 

Pi 

X 

Pi 

X 

EL 

Pi 

-.0800 

.7619 

.1299 

.6565 

.2300 

.3780 

.3050 

.5310 

-.0400 

.7758 

.1400 

.6415 

.2350 

.3662 

.3099 

.5414 

-.0200 

.7792 

.1600 

.6174 

.2400 

.3534 

.3150 

.5542 

.0000 

.7999 

.1600 

.5830 

.2450 

.3430 

.3199 

.5698 

.0100 

.7796 

.1699 

.5410 

.2500 

.3342 

.3299 

.5936 

.0200 

.7670 

.1799 

.5134 

.2550 

.4261 

.3400 

.6148 

.0299 

.7558 

.1850 

.4976 

.  2600  '. 

.4813 

.3500 

.6277 

.0399 

.7491 

.1900 

.4870 

.2650’ 

.4935 

.3600 

.6346 

.0500 

.7408 

.1950 

.4710 

.2700 

,4S»52 

.3700 

.6381 

.0600 

.7336 

.1999 

.4570 

.2749 

.4980 

.4100 

.6347 

.0699 

.7222 

.2049 

.4450 

.2800 

.4987 

.4500 

.6271 

.0800 

.7160 

.2100 

.4320 

.2850 

.5020 

.4900 

.6083 

.0900 

.7061 

.2149 

.4176 

.2900 

.5034 

.5300 

.5661 

.0999 

.6970 

.2200 

.4022 

.2949 

.5073 

.5700 

.4899 

.1100 

.6854 

.2249 

.3911 

.3000 

.5163 

,6100 

.3691 

.1199  .6730 

Pi  =  q  x  104  N/ma 
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C*T  *002 

OELEHT.COPT, 

,*SISZ 

3  OUNOART  C'JNJI' 

I3NS  4N9 

SV  4L U*T  go  0*T* 

.  U  UNITS 

RUN 

NO  * 

t*/tr» 

RS02N 

Cc 

N12 

Hi  2  K 

PN* 

90 

*  * 

POO 

P3/P0 

RE020 

CO 

N32 

H32K 

Til 

T  J 

TQO 

T  AUW 

132 

Pi  2 

H*2 

02K 

UD* 

TR 

40020101 

1.11*0 

1.0000 

7.0030-403 

NN 

7.0899 

6.1717 

4.4658-*04 

4.4659*40* 

2  .7000*4-0  1 

9.7514»*04 

1,0000 

9. 2322-403 

NN 

1.3396 

1.8499 

2.8160-402 

2.3007-402 

infinite 

2 .8  75  8-+02 

NN 

S.3721--34 

NN 

-0.00)1 

5.76TI--04 

3.4000*402 

2.8160-402 

*0020102 

1.0*10 

1.0000 

2. 6566-403 

NN 

23.3262 

11.0004 

4. 49  20*  *04 

*.*920-40* 

2.7  500--0 1 

9.3480“*0* 

1.0000 

3.  0921  —  03 

NN 

3.1506 

2.1*92 

2. 8259*402 

2.3365-402 

infinite 

2. *826*402 

NN 

2. 1220 --04 

NN 

-0.3373 

4.1 585--04 

3. 3130*402 

2.8258*402 

*00  2010  3 

1.0590 

1.0000 

4. 3931-403 

NN 

15.9073 

16.2816 

4.4863*40* 

*.*983-40* 

2.8000--01 

9.1135*40* 

1.0000 

5. 0843-403 

NN 

2.1553 

2.3175 

2.8242*402 

2.3516-402 

INFINITE 

2. 4791 "♦02 

NH 

3. *8T0"-04 

NN 

0.0701 

3.4170—04 

3.2560-402 

2.82*2-402 

80020104 

1.0400 

l.  0000 

*.  *543— 03 

NN 

1 5.5627 

11.4400 

4.  5180-404 

4. 5189*40* 

2.8500--01 

8.9663-40* 

1.0000 

6. 7427*403 

NN 

2.1652 

1.9397 

2.8239-402 

2.3654*402 

INFINITE 

2.8771-402 

nn 

4.  3491 04 

NN 

-0.1839 

6. 30J3--04 

3.2070-402 

2.8239-402 

80020105 

1.0570 

1.0000 

2.8106—03 

NN 

37.9111 

46.9219 

4.  5306—04 

4.5306-40* 

2.9000--01 

9.1771-40* 

1.0000 

3. 2511-403 

NN 

4.21*4 

5.5361 

2. 8226-402 

2.3513-402 

INFINITE 

2.87T3-*02 

NH 

2. 2768--0  4 

NN 

0.0497 

1.796** -04 

3.2500-402 

2.8227-402 

80020100 

0.9761 

1.0000 

6.  8921—0  3 

NN 

12.1160 

10.8626 

4. 5657-404 

4.5657-40* 

2. 9500--01 

8.4068-40* 

1.0000 

7.8127  —  03 

NN 

1.9190 

1.9382 

i. 8286-402 

2.4161-402 

infinite 

2.9765-402 

NM 

6.  99U--04 

NN 

0.0005 

6.599  3  —  04 

3.0*20-402 

2.82«6-*02 

800  2010  7 

0.9937 

1.0000 

6. 2940-403 

NN 

15.6536 

14.2283 

6.6467-404 

*.6*67-40* 

3.0000"-0l 

9.7316-40* 

1. oooo 

7. 1654-403 

N  ) 

2.2635 

2.3199 

2. P  292-402 

2.4033-402 

INF  IN  ITE 

2.8735-402 

NM 

5. 3559"- J4 

NN 

-0.0044 

5.646  9-- 04 

3.099J-402 

2.8292-401 

80020108 

0.9SS9 

1.0000 

l. 1850-404 

NN 

7.  1724 

6.3981 

4.7790-40* 

*.7790-40* 

3  .0  500--0 1 

9 • 5  993"*  04 

1.0000 

1 . 3367-404 

NN 

1.6542 

1.661 7 

2.63*  J— 02 

2. 4355-402 

INFINITE 

2 .08Q6-4O2 

NN 

1.02T3--03 

NN 

0.0294 

1.1087—03 

2.9910-402 

2.83*3-402 

80020109 

0.9388 

1.0000 

1. 23  93 "♦ 04 

NN 

7.  6796 

6.8217 

*.8726-40* 

*.8726-*0* 

3.1000--01 

8.6007-40* 

1.0000 

1.3911-404 

NN 

1.7359 

1.7378 

2.83*6-402 

2. **90-402 

INFINITE 

2 .9795-402 

MH 

1.0750--03 

NN 

0.0124 

1.1  641—0  3 

2.9*50-402 

2.83*6-402 

80020110 

0.9231 

1.0000 

1. 7257-404 

NN 

4.  9487 

4.3103 

*.9879-40* 

4.9  379-40* 

3.1500--01 

8. 6990-40* 

1.0000 

1.9339-404 

NN 

1.5637 

1.5462 

2. 8347-402 

2.4556-402 

INFINITE 

2.9796*402 

NN 

l  •  43  27  "—0  3 

NN 

0.0374 

1. 590  3—03 

2.9160-402 

2.8346-402 

800  20111 

0.9146 

1.0000 

2. 3760-404 

NN 

3.529  3 

4.0086 

5.1232*40* 

5.1292-404 

3.2000--01 

8  .8  126"*04 

1.3000 

2.6544-406 

NN 

1.46*1 

1.5667 

2.8364-402 

2.4  666-402 

INFINITE 

2.8  793*402 

NN 

2. 0203  —  03 

NN 

0.2143 

1.7310—03 

2. 8800-402 

2.8363-402 

80020112 

0.8934 

1.0000 

2.21*5*404 

NN 

3.6124 

3.1399 

5.2380-404 

5.2380-404 

3.2S00--01 

8.7960-40* 

1.0000 

2.4654  —  04 

NN 

1.5355 

1.5282 

2.8370-402 

2.4d20-402 

INFINITE 

2.878 2“ *02 

NN 

l.8963*-0i 

NN 

0.3314 

2 • 0  563“ -0  3 

2.8220-402 

2.8370-402 

*002011 J 

0.8859 

1.0000 

2.3592— V  4 

NN 

3.337J 

2.9237 

5.3424-404 

5.3*24-40* 

3.3000--01 

8.8993-40* 

1.0000 

2.6517*404 

NM 

1.5444 

1.5  37  4 

2.8365-402 

2.4369-402 

INFINITE 

2.8771*402 

NN 

2.0215--03 

NN 

0.0436 

2.1 747— Q  3 

2.8010-402 

2.8365-402 

90020114 

0.8860 

1.0000 

2.7876  —  04 

NN 

2.6090 

2.2509 

5.5332-40* 

5.5J32-*0* 

3.4000--01 

9.0  242*4  04 

1.0000 

3.0903*404 

NN 

1.5929 

1.5751 

2.839%-402 

2.5030-402 

INFINITE 

2.8784-402 

NN 

2. 3391 *-y  3 

NN 

0.0397 

2.511 9—0  3 

2.7470-40 2 

2.9394-402 

*0020115 

0.8432 

1.0000 

3.0261*404 

NN 

2.304T 

1.9723 

5.6493*40* 

5.6*93-40* 

3  •  5000"-0 1 

9.0435*404 

1.0000 

3. 3308*404 

NN 

1.6164 

1.6098 

2.8*1**402 

2.5169-402 

rNF IN TTE 

2.8791-402 

N« 

2. 54  76*-o4 

NN 

0.0338 

2,7 265—0  3 

2.6980*402 

2.8414-402 

80020116 

0.8358 

1.00 00 

3. 0220-404 

NN 

2.1227 

1.7985 

5.7114-40* 

5.7X14-40* 

3.6000“-01 

9.0266*404 

1.  0000 

3-  3174-404 

N  N 

1.4455 

1.6*02 

2.8*36-402 

2. 5272-402 

INF  IN  ITE 

2 .8803-402 

NN 

2. 5606"— 03 

NN 

9.925* 

2. 7369—03 

2.66*0-40 2 

2.8*36-402 

90020117 

0.8316 

1. 3000 

3.0863  —  04 

NN 

2. 0003 

1.6910 

5. 7*29-404 

5.7*29-40* 

3 » 7Q00--0 1 

9, 0374-04 

1. 0000 

3.  3850—04 

NN 

1. 5762 

1.6719 

2.8434-402 

2.529 9 "♦ 02 

INF  In  IT E 

2. 8798  —  02 

NM 

2. 61 52 "—  03 

NN 

0.0195 

2. 7959- -03 

2.6520-402 

2.8*34-402 

80020118 

0.8291 

1.  0000 

3.  0906  —  04 

N) 

1.90*6 

1.5973 

5.7600-40* 

5.7600-40* 

3 . 3000--0  1 

9.0412*404 

1.0000 

3.3770*404 

NN 

1.7040 

1.702* 

2.8*36-402 

2.5317-402 

INFINITE 

2.8798-402 

NN 

2. 61 1 5"-0  3 

NM 

0.0108 

2. 7764--03 

2.6*50-402 

2.8*36-402 

800  20119 

0.8273 

1.0000 

3.0694*404 

NN 

1.9526 

1.5289 

5.7420-40* 

5.7*20-40* 

3.9000*-0l 

8.9964  —  04 

1.0000 

3. 3632-404 

NN 

1.7205 

1.7263 

2. 8*38*402 

2.5  332-402 

INFINITE 

2.8800*402 

NM 

2.6247--03 

Nn 

0.0048 

2. 7745—03 

2.6*00*402 

2.8439-402 

80020120 

0.8266 

1.0000 

3.  1273-404 

NN 

1.7905 

1.4745 

5. 73  30 "*04 

5.7  330-4Q* 

4.Q000--01 

8.  9759—  04 

1. 00  JO 

3.4263  —  04 

NN 

1.7510 

1.7483 

2.8435*402 

2.5336*402 

INF  In  IT  E 

2.8798  —  02 

NN 

2.6728--03 

nn 

0.0052 

2.8226—03 

2.6380*402 

2.8439-*02 

80020121 

0.9264 

1. jOQO 

2.9338  —  04 

nn 

1.7525 

1.4404 

5. 712J-404 

5.7123-404 

4.1  000--01 

9.3417-404 

1.00  JO 

3.  26  57-4 04 

NN 

1.7697 

1.7664 

2.8451-402 

2.53*9-402 

INFINITE 

2.3810*402 

NN 

2.  55  39--03 

NN 

0.0056 

2.6954--03 

2. 6380-402 

2.8*50-402 

80020122 

0.3294 

l.OQOo 

3.0973  —  04 

NN 

1.725* 

1.4099 

5. 7060-404 

5.7060-40* 

4.2000--01 

*.9592*404 

1.0000 

3.  3960*404 

NN 

1.7624 

1.7903 

2. 8*3  3-402 

2.53l9-*02 

INFINITE 

2.8  801  —  02 

NN 

2.  650  3"-C  3 

NN 

0.001a 

2.7  963--03 

2.6*60-402 

2.8*33-402 

80020123 

0.82*3 

1.0000 

J. 0416-404 

NN 

1.6954 

1.3939 

5.6790-40* 

5.6790-40* 

4. 3000*-0l 

8.9159-404 

1.0000 

3. 3342-404 

NN 

1.7967 

1.7  949 

2. 8445*402 

2 . 5  324-4  0  2 

infinite 

2.9807*402 

NM 

2.  4155--03 

NN 

0.002 9 

2.7426— 03 

2.6460-402 

2. 8**5-* 02 

12-B-4 


8002-B-2/C-1 


C4T  ggO 2  OELERY,CQPT, REISI  4CUKDART  CONDITIONS  AND  EVALUATED  0*TA,  SI  UNITS 


RUN 
X  * 
PI 


99020124 

4.sooo-~ai 

infinite 

80020125 

4.7300*-01 

infinite 

80020126 

4.9000*-<U 

infinite 

80020127 

S.i000*-Ql 

infinite 

80020129 

5.4QOO*-Ol 

INFINITE 


ID  * 

TW/TR* 

RED2M 

Ce 

POO 

PN/PO 

RE  02  0 

Cl 

TOD 

TAUM 

92 

PI  2 

0.8348 

1.0000 

3. Ol93"*94 

NM 

8.9109**04 

1.0000 

J. J124**C4 

NM 

2 .8  799"*02 

NM 

2. 59U"-03 

NM 

0.4340 

1.0000 

2 . 6045**  04 

NM 

«.820«"*0 4 

1.0000 

2. R63&"*04 

NM 

2«88i2**02 

NM 

2. 2626--03 

NM 

0.8587 

1.0000 

2  .  T149  04 

NM 

8.8405**04 

1.0000 

2, 9951  *04 

NM 

2.8«08-*02 

NM 

2.3274  *-03 

NM 

0.9827 

1.0000 

> . 62  T7 "♦ 0  4 

NM 

8.9151**04 

1.0000 

2.  69 25 "*04 

NM 

2.880T"*02 

NM 

2.07  36"-03 

NM 

0.9471 

1.0000 

2. 3591 "♦04 

NM 

8.8190"* 0+ 

1.0000 

2.  655+  *♦#♦ 

NM 

2.8913**02 

NM 

1. 9968 "—03 

NM 

Ml  2 

N12* 

PM* 

PC 

M3  2 

M32* 

74 

TO 

M4  2 

02« 

I/O* 

T« 

1.5981 

1.3499 

5.643?"*04 

5.66?9**04 

1.8058 

1.8041 

2.8432"*02 

2.5276**02 

-0.0017 

2 .7 15  l"“0  3 

2.66l0"*02 

2.8433"* 02 

1.6423 

1.3352 

5 . 59  00 "*04 

5.5300**04 

1.8352 

1.8340 

2.8445*»02 

2.5279"*02 

0.0039 

2. 3560*-03 

2.6450"*02 

2. 8*4  5"*92 

1.6524 

1.3281 

5.4747"*04 

5 .4  74  7**04 

1.9466 

1.8455 

2.8424"*02 

2.5 106**02 

0.0020 

2.4224--03 

2.7280**02 

2.8423"*02 

1.4595 

1.3182 

5. 3l00"*04 

5 . 3 100"*04 

1.9640 

1.8631 

2.840  3**02 

2.492  3"*02 

0.0004 

2.1  S9  6* -0  3 

2.  794  0"*0  2 

2.8*0  3"*0  2 

1. 6900 

1.3057 

4.9500"*04 

4.9S0Q"*G4 

1.9776 

1.8766 

2.8356**02 

2.4430"*02 

0.0044 

2.0T74--03 

2.9680"*02 

2.835  T"*0  2 

80020101  DgLERY,CQPY,ReiSZ  PROFILE  TABULATION  "  16  POINTS,  DELTA  AT  POINT  16 


I 

Y 

PT  2/P 

P/P  0 

TO/TOD 

M/HO 

u/uo 

T/TD 

R/RO*U/UO 

1 

0.0000-*00 

1. 0000 -+00 

1.00000 

0.97919 

0.00000 

0.00000 

1.22398 

0.00000 

2 

1 .0000--03 

1.0085**00 

1.00000 

0.93982 

0.09857 

-0.10671 

1.17192 

-0.09105 

3 

1.S0O0--O3 

1.0017-+00 

1.00000 

0.79356 

0.04454 

-0.04435 

0.99145 

-0.04474 

4 

2.0000*-03 

1 • 0045"*00 

1.00000 

0.95566 

0.07194 

0.07847 

1.19303 

0.06577 

5 

2.5000--03 

l . 04  66"*  00 

1.00000 

1.00145 

0.22898 

0.25453 

1.23560 

0.20600 

6 

3 . 0000 "-03 

1.1632**00 

1.00000 

1.00227 

0.42021 

0.46029 

1.19985 

0. 38363 

7 

3.5000--03 

1 • 3341 "♦ 00 

l. 00000 

1.0015  3 

0.62397 

0.66647 

1.  140  86 

0.58418 

8 

4.OQ0O--O3 

1.6109»*00 

1.00000 

1.00238 

0. 76404 

0.79353 

1.09231 

0.73105 

9 

4.5  000*-03 

1. 7728*400 

1.00000 

1.00168 

0.84320 

0.86941 

1.06313 

0.81778 

10 

5.0000^-03 

1.9339*400 

1.00000 

1.00130 

0.890  79 

0.91059 

1.04495 

Q.8TH2 

11 

6.0000--03 

2.0035*400 

1.00000 

1.00217 

0.93739 

0.95000 

1.02709 

0.92494 

12 

7.0000--03 

2. 0325*4 00 

1.00000 

1.00142 

0.94812 

0.95853 

1.02207 

0.93783 

13 

8.OO00--O3 

2.0620*400 

2.00000 

1.00201 

0.95996 

0.96765 

1.01842 

0.95014 

14 

9.0000--03 

2.1149-400 

1.00000 

1.00134 

0.97764 

0.98265 

1.01027 

0.97266 

15 

1.0000--02 

2.1174-400 

1.00000 

1.00106 

0.97853 

0.98324 

1.00963 

0.97385 

0  16 

1.2000*-02 

2.1798-400 

1.000  00 

1  .00000 

1.00000 

1.00000 

1.00000 

1.00000 

80020101  Delery/Copy/Reiaz 


X  -  2 -7000E-01  DELTA  -  1.20001-02 


I  Y  U  V 

OIKT  UIOT 

1  1 . 0000E-3  -1.22241-1  3.1176E-2 

2  1.50001-3  -5.0809E-2  2.6021E-2 

3  2.0000E-3  8.9892E-2  1.9768E-2 

4  2.5000E-3  2. 9158E-1  -4.3228E-3 

5  3.00001-3  5. 2729E-1  -6.1590E-3 

4  3.50001-3  7.63481-1  -3. 83761- 3 

7  4.00001-3  9.1476E-1  -S.1617E-3 

8  4.50001-3  9.95961-1  5.8962E-3 

9  5.00001-3  1.04311+0  -9.2554E-5 

10  6.0000E-3  1.08831+0  -8.2042E-3 

11  7.0000E -3  1.0980E+0  -1.11251-2 

12  I.OOOOE-3  1 . 10851+0  -1.6516E-2 

13  9.0000E-3  1.12571+0  -2.3420E-2 

14  1.00001-2  1.12631+0  -2.60481-2 
D  15  1.20001-2  1.14561+0  -3.95221-2 


Turbulence  Data 

UINF  -  2.968 01+02 


K 

IT 

V 

-U'Y* 

UIJfF 

UIMF 

UIMF2 

1.1020E-1 

1.43671-1 

6.3106E-2 

4.6884E-3 

4.98001-2 

1 .8932E-1 

7.7257E-2 

8.2461E-3 

8 .0320E-2 

2. 3608E-1 

8.1772E-2 

1.10671-2 

2 . 56001-1 

2.80421-1 

9.5620E-2 

1.4076E-2 

4.6980E-1 

3.0037E-1 

9.0195E-2 

1.2022E-2 

6.97601-1 

2.37IOE-1 

6.68461-2 

7. 53551-3 

8.5420E-1 

1.6792E-1 

5.5526E-2 

4.5862E-3 

9.4270E-1 

1.1338E-1 

5.2190E-2 

3.3500E-3 

9.95901-1 

7.2540E-2 

4.6867E-2 

2.0570E-3 

1.04801+0 

5.0135E-2 

4.9191E-2 

1.4633E-3 

1.06001+0 

4.16111-2 

4.7069E-2 

1.2147E-3 

1.0720E+0 

4.7945E-2 

6 .7251E-2 

2.4021E-3 

1.0930E+0 

3.6388E-2 

4. 6563E- 2 

1 . *0901-3 

1.0940E+0 

3.8443E-2 

4.8012E-2 

1.2464E-3 

L.1180E+0 

3.5849E-2 

4.8383E-2 

1.32021-3 

80U2-C-2 


I2-B-5 


80020108  DELERT,COPY,REISZ  PROFILE  TABULATION  26  POINTS,  OELTA  AT  POINT  26 


I 

Y 

PT2/P 

P/PQ 

TO/TOO 

N/H9 

U/UD 

7/70 

R/RD*U/UO 

1 

0. 0000**00 

1.000Q"*00 

1.00000 

0.98393 

0.00000 

0.00000 

1.16374 

0.00000 

2 

1.0000--03 

1.0064**00 

1.  00000 

0.99919 

0.11476 

-0. 12461 

1.17896 

-0.10569 

3 

1 • 30OO*-O3 

1.0060**00 

l.OOCOO 

0.99969 

0.09703 

-0.10542 

1.18035 

-0.08931 

4 

2.0000*-03 

1 • 0025"*00 

1.00000 

0.997*3 

0.06260 

-0.06797 

1.17892 

-0.05766 

5 

2.  5000 *-03 

1.0008**00 

1.  OOQOO 

0.99608 

0.03570 

-0.03875 

1.17784 

-0.03290 

6 

3.0000--03 

1.0002**00 

1.00000 

0.61176 

0.01694 

0.01441 

0.72352 

0.01991 

7 

3. 5000*-03 

i.ooio**oo 

1.00000 

0,95831 

0.04026 

0.04286 

1.13370 

0.03781 

8 

4.0000--03 

1. 0061*400 

1.00000 

0.98213 

0.09727 

0*10475 

1.15967 

0.09033 

9 

4. 5000"— 03 

1.0170**00 

1.00000 

0.97793 

0.16257 

0.17442 

1.15115 

0.15152 

to 

5.0000*-03 

1.0330 **00 

1.00000 

0.98623 

0.22576 

0.24269 

1.15569 

0.21000 

11 

5  •  5000*-03 

1.0538**00 

1.00000 

0.99038 

0.23727 

0.30859 

1.15397 

0.26742 

12 

6.00 0O*-OJ 

1.0843**00 

1.00000 

0.99234 

0.35778 

0.38315 

1.14686 

0.33409 

13 

6.5000*-03 

1.1202**00 

1.00000 

0.99261 

0.42463 

0.45269 

1.13656 

0.39830 

14 

7.000Q--03 

1.1591 **00 

1.00000 

0.99399 

0.48562 

0.S15S5 

1.12707 

0.4  5  74  2 

15 

7.5000*-03 

1.2197**00 

1. 00000 

0.99535 

0.56523 

0.59612 

1.11231 

0.53593 

16 

8.0000*-03 

1.3134**00 

1.00000 

0.99722 

0.66576 

0.69542 

1.09108 

0.63737 

17 

8.5000*-03 

1.35 55**00 

1.00000 

0.99784 

0.70489 

0.73320 

1.08195 

0.67766 

18 

9.0000*-03 

1.4335**00 

1.00000 

0 . 9  98y9 

0.77006 

0.79472 

1.06507 

0.74617 

18 

9.5000"-03 

1.4897**00 

1.00000 

0.99966 

0.81243 

0.83450 

1.05508 

0.79094 

20 

1 *0000"-02 

1.5532**00 

1.00000 

0.99991 

0.85647 

0.87462 

1.04284 

0.83869 

21 

1.1000**02 

1.6597**00 

1.000  00 

0.99972 

0.92321 

0.93380 

1.02307 

0.91275 

22 

1.2000**02 

1.7308 **00 

1.00000 

0.99939 

0.96359 

0.96891 

1.01106 

0.95831 

23 

1.4000**02 

1.7994**00 

1.00000 

1.00000 

1.00000 

1. ooooo 

1.00000 

1.00000 

24 

1.6000**02 

1. 8243**flO 

1.00000 

1.00006 

1.01266 

1.01070 

0.99613 

1.01462 

25 

1.8000**02 

1 «  8096**00 

1.00000 

0.99936 

1.00523 

1.00435 

0.99824 

1.00612 

0  26 

2.0000--02 

1.7994 •♦00 

1.00000 

l. ooooo 

1.00000 

1.00000 

1.00000 

1. ooooo 

80020108  Delery/Copy/Reisz  Turbulence  Date 


X 

-  3.05001-01  D8LT1  -  2.00001-02 

UIRT  -  2.96408*02 

I 

T 

0  V 

X 

tr 

V 

-U’V 

uivr  uivr 

oiwr 

WMF 

Oil T2 

1 

1.00001-3 

-1.25571-1  -2.79551-3 

1.09701-1 

1.68408-1 

9.56878-2 

4.74971-3 

2 

1.50001-3 

-1.06231-1  8.47711-4 

9.27508-2 

1.84108-1 

1.04998-1 

6.12441-3 

3 

2.00001-3 

-6.84971-2  -3.57821-3 

5.98401-2 

2.03108-1 

1.16858-1 

8.85231-3 

4 

2.50001-3 

-3.90501-2  -2.25571-3 

3.41308-2 

2.19418-1 

1.31548-1 

1.15341-2 

5 

3.00001-3 

1.45181-2  -1.15571-2 

1.61908-2 

2.55398-1 

1.37941-1 

1.58361-2 

6 

3 . 50001-3 

4.31941-2  -8.88141-3 

3.84808-2 

2.59278-1 

1.44741-1 

1.77551-2 

7 

4.00001-3 

1.05561-1  -1.41071-2 

9.29808-2 

2.85688-1 

1.49601-1 

2.05701-2 

8 

4.50001-3 

1.75771-1  -2.62531-2 

1.55408-1 

2.92088-1 

1.54851-1 

2.20001-2 

9 

5.00001-3 

2.44581-1  -2.84741-2 

2.15801-1 

3.05931-1 

1.57881-1 

2.42821-2 

10 

5.50001-3 

3.10981-1  -3.09271-2 

2.74601-1 

3.10821-1 

1.60951-1 

2.45201-2 

11 

5.0000K-3 

3.86121-1  -3*48721-2 

3.42001-1 

3.16141-1 

1.53201-1 

2.39751-2 

12 

6.50001-3 

4.56201-1  -3*86791-2 

4.05901-1 

3.16371-1 

1.5X791-1 

2.13761-2 

13 

7.00001-3 

5.19541-1  -3.84101-2 

4.64201-1 

3.15801-1 

1.46061-1 

1.93891-2 

14 

7.50001-3 

6.00741-1  -3.98921-2 

5.40301-1 

3.06231-1 

1.35341-1 

1.80841-2 

15 

8.00001-3 

7.00811-1  -3.89491-2 

6.34401-1 

2.86351-1 

1.23851-1 

1.38951-2 

U 

8.50001-3 

7.38881-1  -3.61521-2 

6.73808-1 

2.79751-1 

1.19241-1 

1.24301-2 

17 

9.00001-3 

8.00881-1  -3.28341-2 

7.36101-1 

2.48691-1 

X. 11221-1 

9.42331-3 

18 

9.50001-3 

8. 40971-1  -2*23921-2 

7.76601-1 

2.29651-1 

1.04251-1 

8.355XB-3 

19 

1.00001-2 

8.81401-1  -1.69951-2 

8.18701-1 

2.00201-1 

9.60921-2 

6.29011-3 

20 

1.10001-2 

9.41041-1  -4.50131-3 

8.82508-1 

1.52731-1 

8.52761-2 

4.73381-3 

21 

1.20001-2 

9.74421-1  8.95551-4 

9.21101-1 

1.0162K-1 

6.95751-2 

2.20341-3 

22 

1.40001-2 

1.00771*0  1.12201-2 

9.55908-1 

5.40431-2 

5.25271-2 

9.43801-4 

23 

1.40001-2 

1.01851*0  1.16311-2 

9.68001-1 

3.41981-2 

3.68261-2 

1.60291-4 

24 

1.80001-2 

1.01211*0  1.10241-2 

9.60901-1 

2.82688-2 

3.10711-2 

3.22511-6 

D  25 

2.00001-2 

1.00771*0  7.23051-3 

9.55901-1 

2.39291-2 

2.56441-2 

4.33651-5 

12-B-6 


8002-03 


80020128  DELERY,C0PTREXS2  PROFILE  TABULATION  26  POINTS,  DELTA  AT  POINT  26 


r  r  pt 2/p 


1 

0.0000**00 

1.0000 *♦00 

2 

1*0000**03 

1.403S«+00 

3 

2.0000*-03 

1  •  4541  *•♦00 

6 

3.0000"-03 

1.48 04 “♦00 

5 

4.0000"-03 

1.4982 *♦00 

6 

5.0000"-03 

1.5018*>00 

T 

6.0000*-03 

1.5231 •♦00 

8 

7.000  Q"*03 

1.5280*^00 

9 

a.oooo*-03 

1.5421 ■♦00 

10 

9, 0000"- 03 

1. 55  71  •♦00 

11 

1.0000**02 

1.5630 *>00 

12 

1.1000**02 

1.57  84-  +  00 

13 

1.2000**02 

1.5922 •♦00 

14 

1  •  3  00  0  *-0  2 

1 • 60  33 "*00 

IS 

1.4000**02 

1.6178*^00 

16 

1.5000**02 

1 . 6321 **00 

17 

1.6000**02 

1.6483 •♦00 

18 

1.7000**02 

1.6622*+00 

19 

1.8000**02 

1 • 6726 "*00 

20 

2.0000**02 

1.7003*^00 

21 

2.2000**02 

1.7J00*^0G 

22 

2.4000*-02 

1. 7454 *>00 

23 

2.6000**02 

1.7573*^00 

24 

2.8000**02 

1. 7709*^00 

25 

3.0000**02 

1  •  7796*^00 

0  26 

3  •  2000  *-02 

1 • 70 16 "*00 

P/PO 

70/700 

M/ND 

1, 00000 

0.98415 

0.00000 

l.OCOOO 

0.99937 

0.75293 

1.00000 

1.00022 

0.79326 

1.00000 

0.99998 

0.81311 

i. ooooo 

0.99975 

0.82610 

1.00000 

0.99963 

0.02874 

1.00000 

0.99932 

0.84394 

1.00000 

0.99975 

0.84722 

1.00000 

0.99971 

0.85693 

1.00000 

0.99955 

0.96707 

1.00000 

0.99935 

0.87097 

1.00000 

0.99941 

0.88111 

1.00000 

0.99960 

0.890U9 

1.00000 

0.99936 

0.89716 

1.00000 

0.99997 

0.90624 

1.00000 

0.99991 

0.91511 

1.00000 

1.00010 

0.92493 

1.00000 

0.99962 

0.93327 

1.00000 

0.99973 

0.93939 

1.00000 

0.999*9 

0.95544 

1.00000 

0.99972 

0.97213 

1.00000 

0.99939 

0.99057 

1.00000 

0.99985 

0.99701 

1.00000 

0.99957 

0.99430 

1.00000 

0.99977 

0.99894 

1.00000 

1.00000 

1.00000 

v/uo 

T/TD 

*/«D*U/UD 

0.00000 

1.16070 

0.00000 

0.77098 

1.07038 

0.72776 

0.81671 

1.05999 

0.77049 

0.93491 

1.05432 

0.79189 

0.84670 

1.05049 

0.80600 

0.64906 

1.04963 

0.80891 

0.86287 

1.04562 

0.82523 

0.86590 

1.04460 

0.82894 

0.87466 

1.04181 

0.83956 

0.80376 

1.03887 

0.85069 

0.09713 

1.03744 

0.85511 

0.89623 

1.03460 

0.86625 

0.90431 

1.03222 

0.87608 

0.91071 

1.03044 

0. 89331 

0.91890 

1.02791 

0.89385 

0.92655 

1.02516 

0.90381 

0.93531 

1.02257 

0.91466 

0.96239 

1.01963 

0.92424 

0.94778 

1.01793 

0.93109 

0.96159 

1.01291 

0.94933 

0.97608 

1 • 00815 

0.96819 

0.90315 

1.00527 

0.97800 

0.48888 

1.00379 

0.93515 

0.99495 

1.00130 

0.99365 

0.99899 

1.00009 

0.99890 

1.00000 

1.00000 

1.00000 

80020128  Delery/Copy/Reier  Turbulence  Data 

X  •  5.40001-01  DELTA  -  3.20001-02  UIHF  -  2.9680E+-02 


I  Y  U  V  M  U'  V  -U'V 

UIHF  UIHF  UIHF  UIHF  UIHF2 


1 

1.00001-3 

7.78981-1  -1.65671-3 

7.13101-1 

8.53441-2 

4.0364E-2 

1.08091-3 

2 

2.00001-3 

8.16711-1  -6.22641-3 

7.51301-1 

8.18401-2 

4.83491-2 

1.17381-3 

3 

3.0000E-3 

8.34911-1  -2.94341-3 

7.70101-1 

8.10311-2 

5.73451-2 

1.09041-3 

4 

4.0000E-3 

8.46701-1  -3.30531-3 

7.82401-1 

7.88411-2 

6.22301-2 

1.17491-3 

5 

5.00001-3 

8.49061-1  -4.51151-3 

7.84901-1 

8.0964S-2 

6.56001-2 

1.51101-3 

6 

6.00001-3 

8.62871-1  -1.41851-3 

7.99201-1 

7.86731-2 

7.05861-2 

1.30771-3 

7 

7.00001-3 

8.65901-1  -2.90671-3 

8.02401-1 

7.95821-2 

7.21701-2 

1.56661-3 

8 

8.00001-3 

8.74661-1  -3.16641-3 

8.11601-1 

7.70221-2 

7.22041-2 

1.58471-3 

9 

9.00001-3 

8.83761-1  -1.08761-2 

8.21201-1 

7.90091-2 

7.33491-2 

1.69941-3 

10 

1.00001-2 

8.87131-1  -2.50711-3 

8.24901-1 

7.74931-2 

7.39221-2 

2.12851-3 

11 

1.1000K-2 

8.96231-1  -3.40631-3 

8.34501-1 

7.70551-2 

7.27761-2 

1.92761-3 

12 

1.20001-2 

9.04311-1  -5.36391-3 

8.43001-1 

7.55391-2 

7.05191-2 

1.84471-3 

13 

1 . 30001-2 

9.10711-1  -4.38341-3 

8.49701-1 

7.65501-2 

6.98111-2 

1.85041-3 

14 

1.40001-2 

9.18801-1  -6.14891-3 

8.58301-1 

7.46291-2 

6.64421-2 

1.91391-3 

15 

1.50001-2 

9.26551-1  -5.51211-3 

8.66701-1 

7.35851-2 

6.86321-2 

1.87531-3 

16 

1.60001-2 

9.35311-1  -9.43061-3 

8.76001-1 

7.04851-2 

6.60711-2 

1.84701-3 

17 

1.70001-2 

9.42391-1  -0.61861-3 

8.83901-1 

6.93061-2 

6.36461-2 

1.53591-3 

18 

1.80001*2 

9.47781-1  -7.38881-3 

8.89701-1 

6.75881-2 

6.19271-2 

1.629CF1-3 

19 

2.00001-2 

9.61591-1  -8.58491-3 

9.04901-1 

5.89621-2 

5.56271-2 

1.06451-3 

20 

2.20001-2 

9.76081-1  -1.20321-2 

9.20701-1 

5.13481-2 

4.74731-2 

8.13941-4 

21 

2.40001*2 

9.83151-1  -1.16811-2 

9.28701-1 

4.61251-2 

4.50471-2 

6.92701-4 

22 

2.60001-2 

9.80801-1  -1.10181-2 

9.34801-1 

3.87131-2 

3.81061-2 

3.57811-4 

23 

2.10001-2 

9.94951-1  -1.07581-2 

9.41701-1 

3.47041-2 

3.39621-2 

3.44991-4 

24 

3.00001-2 

9.98991-1  -1.35881-2 

9.46101-1 

2.98051-2 

2.99731-2 

2.17731-4 

D  25 

3.20001-2 

1.00001+0  -1.15571-2 

9.47101-1 

2.583(1-2 

2.72171-2 

1.25101-4 
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M:  1.26,  1.30,  1.45  (nominal 

ahead  of  shock) 

R  Theta  »  10-3:  2-3 

m/TR:  Appr.  1 

8003 

A 

QNS 

Continuous  tunnel  with  symmetric  contoured  nozzle. 

W  =  0.12,  H  =  0.10,  L  =  0.53  m. 

P0:  90  kN/m*.  TO:  300  K.  Dried  atmospheric  air.  Re/m  x  10-<:  14. 

COPY  C. t  REISZ  J,,  1980-1983.  Analyses  experimentales  d’une  interaction  choc-couche 
liraite  turbulente  a  M  =  1.26,  1.30  &  1.45.  ONERA  R.T.  42,  44  &  59/7078. 

And:  Delery  (1983),  CAT8002T,  J.M.  Delery,  private  cosmunicat ion  and  data  tapes. 


1  The  test  boundary  layer  was  formed  on  the  floor  of  the  tunnel  downstream  of  the  nozzle 
throat,  formed  by  inserts  let  into  the  floor  and  the  roof.  The  forepart  of  these  was  a 
circular  arc  with  radius  0.452  m  (01/02)  or  0.4  m  (03),  faired  into  the  floor  with  a 
20  ma  radius.  The  coordinates  of  the  afterparts  (X  =  0  at  the  start  of  the  bump)  are 
given  in  tables  1  &  2  below.  The  maximum  heights  were  5.14  am  (01/02)  and  10  am  (03).  The 
throat  was  approximately  (E)  0.2  m  from  the  start  of  the  parallel  part  of  the  tunnel.  An 
adjustable  second  throat  about  (E)  0.63  m  from  the  start  was  used  to  control  the  position 
of  the  shock  wave,  and  isolate  the  flow  from  disturbances  originating  in  the  diffuser. 

8  Measurements  started  upstream  of  the  wall  pressure  minimum.  Separation  was  not  observed 
for  series  01  or  02  -  nominally  ” incipient ”,  but  for  03  it  was  separated  over  the 
approximate  range  0.195  <  X  <  0.24  m.  The  range  of  measurements  and  the  approximate  shock 
positions  on  the  tunnel  centreline  were: 


Series: 

Range  of  profile 

X-values: 

NX: 

Shock  at 

01 

0.105 

< 

X  < 

0.280 

22 

0.128 

02 

0.130 

< 

X  < 

0.320 

20 

0.163 

03 

0.160 

< 

X  < 

0.340 

1? 

0.203 

Wall  pressure  was  measured  at  35  points  on  the  tunnel  roof  and  56  points  on  the  floor. 

The  distribution  for  series  02  is  given  in  table  3.  Instrumentation  and  procedures  were 
the  same  as  for  Delery  et  al.,  CAT8002,  save  that  there  was  no  interferometric  survey 
reported.  The  profiles  were  supplemented  by  traverses  made  at  constant  Y  both  in  the 
"inviscid"  flow,  and  at  low  values  of  Y  near  the  shock  foot. 

As  for  CAT8002T,  the  editors  have  presented  the  data  obtained  from  the  magnetic  tape  (PC) 

12  with  the  additional  assumption  that  errors  introduced  by  setting  the  pressure  for  a 
profile  at  the  wall  value  will  not  be  too  serious,  so  as  to  present  functionally  complete 
data.  The  editors  have  interpolated  these  pressure  values  to  the  X-values  of  the  profiles. 
There  are  three  series  at  increasing  nominal  peak  pre-shock  Mach  number.  The  profiles 

13  cover  the  boundary  layer  as  it  passes  through  the  shock/boundary- layer  interaction  and 
recovers  downstream,  with  no  separation,  incipient  sepaxation  and  a  relatively  small 
recirculation  zone. 

S  DATA:  80030101-0317.  TVo-component  LDV  profiles  for  the  mean  and  fluctuating  velocities, 
and  their  cross  correlation.  NX  =  22,  20  &  17.  Wall  pressures. 

Editors*  Comments: 

15  These  studies  continue  the  work  done  in  the  asymmetric  arrangement  of  CAT8002T,  and  the 
same  general  criticisms  apply.  The  interactions  here  are  not  so  extended  -  two  of  them 
not  involving  separation  -  so  that  three-dimensional  effects  would  not  play  so  strong  a 
role.  Taken  together,  within  those  reservations,  they  provide  impressively  complete 
coverage  of  the  velocity  field  of  a  side-wall  bounded  quasi-normal  shock  boundary- layer 
interaction.  The  experiment  is  again  discussed  in  Delery  (1986),  Delery  &  Marvin  (1986). 

The  editors*  assumption  of  constant  static  pressure  along  a  normal  again  leads  to  dubious 
values  near  the  interaction.  On  the  evidence  of  the  total  pressure  profiles,  profiles 
0202-7,  0204/5,  0302-8  seem  to  be  significantly  affected.  The  assumed  pressure  is  up  to 
50%  too  high  in  front  of  the  final  shock  (0106).  The  low  values  behind  the  shock  are  not 
so  marked,  and  could  not  be  seen  in  series  02.  Integral  values  in  this  region  are  wrongly 
evaluated  and  in  any  case  have  little  meaning. 


8003*  A- 2 
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Again,  the  lack  of  wall  ahear-atreaa  values  makes  it  impossible  for  us  to  carry  out  our 
usual  detailed  profile  criticism. 


„ _ _  »«an-flow  profiles  are  plotted  above  in  figures  (10.4.3-6)  using 

wall  shear  stress  values  calculated  from  the  ZPG  correlation  of  Fernhols  (1971).  Turbulence 
data  are  shown  in  figures  (11.2.27-28)  and  (11.3.11-12). 


Table  1:  Coordinates  of  test  surface  for  series  01  &  02 


X, 

z 

92 

0.636 

94 

570 

96 

608 

98 

450 

100 

396 

102 

345 

104 

298 

106 

255 

108 

217 

110 

181 

112 

150 

114 

121 

116 

097 

118 

075 

120 

057 

122 

041 

124 

028 

126 

017 

128 

010 

130 

004 

132 

0 

X, 

z 

46 

3.064 

48 

2.928 

50 

794 

52 

661 

54 

532 

56 

406 

58 

281 

60 

159 

62 

041 

64 

1.924 

66 

812 

68 

701 

70 

594 

72 

490 

74 

389 

76 

292 

78 

198 

80 

107 

82 

020 

84 

0.936 

86 

866 

88 

779 

90 

706 

X.. 

Z 'am 

0 

5.141 

2 

137 

4 

123 

6 

100 

8 

068 

10 

028 

12 

4.979 

14 

922 

16 

856 

18 

782 

20 

699 

22 

608 

24 

508 

26 

400 

28 

284 

30 

162 

32 

033 

34 

3.901 

36 

764 

38 

625 

40 

484 

42 

344 

44 

203 

Table  2:  Coordinates  of  test  surface  for  series  03. 


mm 

Z 

wsm\ 

0.993 

13  0 

913 

132 

836 

134 

764 

136 

695 

138 

630 

569 

142 

511 

144 

458 

146 

408 

148 

361 

150 

318 

152 

278 

154 

241 

156 

208 

158 

177 

150 

162 

125 

164 

103 

166 

082 

168 

060 

170 

043 

172 

174 

019 

176 

010 

178 

004 

130 

0 

X, 

Z 

64 

5.723 

66 

519 

68 

318 

70 

119 

72 

4.922 

74 

729 

76 

78 

354 

80 

171 

82 

3.993 

84 

818 

86 

647 

88 

480 

90 

317 

92 

157 

94 

002 

96 

2.851 

98 

704 

100 

561 

102 

422 

104 

287 

106 

156 

108 

029 

110 

■EH 

inn 

788 

114 

674 

116 

564 

118 

469 

120 

357 

122 

260 

124 

167 

126 

078 

BO 

z- 

0 

9.997 

2 

991 

4 

975 

6 

949 

8 

914 

10 

869 

12 

815 

14 

751 

16 

677 

18 

595 

20 

504 

22 

403 

24 

294 

26 

176 

28 

048 

30 

8.912 

32 

767 

34 

614 

36 

453 

38 

284 

40 

109 

42 

7.928 

44 

741 

46 

550 

48 

354 

50 

155 

52 

6.954 

54 

751 

56 

546 

58 

340 

60 

134 

62 

5.928 
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Table  3 


X 

1120 

-.0720 

-.0520 

-.0320 

-.0120 

-.0020 

.0080 

.0180 

.0280 

.0380 

.0480 

.0580 

.0680 

.0780 


CAT  9003 

ft  JN 

X  * 

RZ 

800  30101 

1.0500—01 

INFINITE 

30030102 
1  .1  509—01 
INFINITE 

80030103 
1.2000— 01 
INF  IN  ITS 

800  3010* 
1.2209— Ol 
INFINITE 

80030105 

1.2500—01 

INFINITE 

80030106 
1.2700  —  01 
INFINITE 

80030107 
1. 3000—01 
INFINITE 

80030108 
1 .3500—01 
INFINITE 

800  3010  9 
1  .*009—01 
Infinite 

800  30110 
1. *500— 01 
INFINITE 

80030111 
1  .5000" -01 
INFINITE 

300  30112 
1  •  5500—0 1 
INFINITE 

80030113 
1.6000  —  01 
INF INITE 

8003011* 
1.7  000"-0 1 
INFINITE 

800  30113 
1 .9000—01 
INFINITE 

80030116 
1 .3000—01 
infinite 


Pressure  distribution  on  test  surface  for  aeries  02. 


h 

*  h 

X 

h 

X 

h 

.7139 

.0830  .4665 

.1630 

.5300 

.2680 

.6395 

.7364 

.0880  .4371 

.1680 

.5480 

.  2780 

-  6408 

.7342 

.0980  .4105 

.1780 

.5748 

,2880 

.6416 

.7344 

. 1030  . 3960 

.1830 

.5870 

.2980 

.6407 

.7427 

.1080  .3915 

.1880 

.5977 

.3080 

.6415 

.7663 

.1130  .3845 

.1980 

.6144 

.3180 

.6405 

.7295 

.1180  .3817 

.2030 

.6198 

.3280 

.6406 

.6832 

.  1230  . 3774 

.2080 

.6279 

.3380 

.6403 

.6468 

.1280  .3746 

.2180 

.6308 

.3780 

.6378 

.6105 

.1380  .  3684 

.2230 

.6325 

.4180 

.6296 

.5784 

. 1430  . 3626 

.2280 

.6341 

.4580 

.6090 

.5450 

. 1480  . 3596 

.2380 

.6357 

.4980 

.5724 

.5086 

.1530  .4179 

.2480 

.6382 

.5380 

.4996 

.4768 

.1580  .4994 

.2580 

.6384 

.5780 

.3863 

Pi 

=  9-6 

x  104  N/n* 

COPY,  REISZ 

oOUNDART  C  JNUlT  I 

3NS  4NO 

EVALUATED  oata, 

,  SI  UNITS 

NO  * 

TW/TR* 

RE92N 

Cc 

M 1  2 

N12K 

P0* 

PD 

•*00 

PU/PO 

RE029 

CJ 

M32 

M32  K 

T0 

TO 

TOO 

TA'JN  * 

32 

°I2 

M*2 

02K 

UO* 

TR 

1 .2**0 

1 .0000 

9.  3*9 0  — 02 

NN 

2. 3039 

1.3002 

3.5280—0* 

3  «  5  280  — 0  * 

9.0658—0* 

1.0000 

1.2003  —  03 

NH 

1.8923 

1.8920 

2.79%  7  — Q  2 

2.1*11  —  02 

2.8693  —  02 

NH 

3.  356*— OS 

NM 

1*30 

8. 8*63—0  5 

3.6920  —  02 

2.79*7-402 

1  .29*0 

1.0000 

1.77*5  —  03 

NM 

2.2331 

1.6*92 

3. *>60 "♦04 

3  »  *  5  60  —  0  * 

?.*979— 0* 

1.0000 

2.  19  51  •*♦0  3 

NM 

1.9256 

1.92*11 

2. 7934  —  02 

2 . 1*84-402 

2.8631  —  02 

NH 

1 . *5  9*  —  y * 

NM 

Q.y9*6 

1.5215  —  04 

3.  30  30  —  02 

2.7933-402 

1.3060 

1.9000 

2. 2460  —  03 

NM 

2.1 9*6 

1.59U 

3. 7800  —  04 

3.7609  —  0* 

1  .055  9—  05 

1.0000 

2.  7058  —  03 

NH 

1.9119 

1.9100 

2.7133  —  02 

2  .  1  194-402 

2.869  2  —  92 

NH 

1. 6697  —  9* 

NM 

0.0969 

1.  7570—04 

3.83  00  —  0  2 

2.7933-402 

1.3120 

1.0090 

3. 3937  — y  3 

NM 

2.1792 

1  .**92 

*.  2300  —  04 

4.2  303  —  04 

1.191*— 05 

1.0000 

* .  9*  **  “♦  3  i 

NM 

1.9902 

1.3  96* 

2.7  926  —  0  2 

2.1  3*3  —  02 

2.86?1 —  02 

NH 

2.  S7*6"-9* 

NM 

0.3162 

2.752  2  —  04 

3. 3*30  —  02 

2.7327-402 

1.3200 

1. 9000 

7.  75  21  •♦0  3 

NM 

2.3113 

1.*  777 

*.  5000  —  0* 

*.590v  — 0* 

1.281*— 05 

1. 9000 

9.  65  60  "•  0  3 

NM 

1.9*85 

1.8409 

2.711  *  —  02 

2.1272*402 

2 • 3685"*  02 

NH 

*.  77  3*"- 0* 

NM 

-0.0336 

5. 2390“ -04 

3 .3600—0  2 

2.7914-402 

1.2890 

1.3000 

1.59*6—0* 

NM 

2.216* 

1  •  *  1  7  4 

*•8600  —  0* 

*.8600-404 

1.3266**0$ 

1.3000 

1. 97*0  — 0* 

NM 

1.7879 

1.7799 

2.7953  —  0  2 

2.15*0-402 

2.8698  — 02 

NM 

9.  *08*“-9* 

NM 

-0.021* 

1  •  0579—0  3 

3.  7930  —  02 

2.7953-402 

1.0600 

1.0000 

7 . 6525  —  0  3 

NM 

2.1739 

i  •  6526 

*.  9500  — C* 

*.-500-40* 

1.006  3*  *05 

1.0000 

9.  3597  —  03 

NM 

1.7693 

1.7552 

?.  8267  —  02 

2.3529-402 

2.3816  —  02 

NM 

5. 66S7--W* 

NM 

0.0067 

6.1173—0* 

3. 2600  — 02 

2.8267-402 

3.9263 

1.0000 

3. 720*  — 03 

NM 

3. *221 

2.7971 

5.  17  50  —  0* 

5.1750-40* 

9.009*“'*  3* 

1.0000 

4. 1737  — 93 

NM 

1 .**6* 

1  .  **  8  9 

2. 836*  — 02 

2  .  *  58*—  02 

2. •>  303  — 02 

NH 

3.  0  934  —  04 

NM 

-0.0038 

3 . 5232— 0* 

2.9l20-»02 

2. 8364-402 

0.9016 

1.0000 

5.  06  73  —  G  3 

NM 

3.  1  327 

2.6169 

5. 31Q0  —  Q* 

5.3109-40* 

8 • 996***  3* 

1.  00  JO 

i.  a**l  "*03 

NM 

1.5019 

1.6970 

2.  3398—02 

2.  *787-402 

2.0817—02 

NN 

*. 2355"- 0* 

NM 

3.015* 

* .  70*3—0* 

2  •  3*60—02 

2.8398-402 

9.8909 

1. 3000 

6*31 30  —  O  ? 

NM 

2.9031 

2. *292 

5.67  20  —  0* 

5. *720-40* 

9.1 6*  3—0* 

l. 0000 

7.0211  **03 

Nm 

1.5*99 

1.5*15 

2.  8389  —  02 

2  .*  85*— 02 

2.6799«»02 

NM 

5.  19  26  —  0* 

NM 

0.0196 

5 .7083  —  0* 

2.8160  —  0  2 

2.8389  —  02 

0.9732 

1. 3000 

6.  60  60  "♦  0  3 

NM 

2.9228 

2.37*3 

5.5719—0* 

5.5719-40* 

9.1553  —  0* 

1.  )000 

7.  31 12 “♦  0 3 

NN 

1.5*36 

1.5361 

2.  8392—02 

2. *979-402 

2.3  7  30—02 

NH 

5. *542"-9* 

N  1 

0.0137 

5.9  9C  1  —  0* 

2  •  7670—0  2 

2.8392  —  02 

9.3575 

1. 0000 

7.  7696  —  y  3 

NN 

2. *755 

2.0992 

5 .6880  —  0* 

5.6980  —  0* 

9.19*2  —  0* 

1.9000 

1.5633  —  03 

NM 

1.599* 

1.5915 

2.  8611—02 

2.5103-402 

2 .8  795"*02 

NH 

6.*l72“-0* 

NM 

0.0276 

6.9*55—0* 

2. 72*0—0  2 

2.8*11-402 

9.3*50 

1.3030 

9.2237  —  03 

NM 

2.3150 

1.9563 

5.751  0  —  0* 

5.7510-40* 

9.1 758  —  0* 

1.0090 

9. 0510  —  0  3 

NM 

1.6170 

1.6099 

2.  8*1*  — 02 

2.5191  —  02 

2.678  8—  02 

NH 

6. 33  39 “-0* 

NM 

0.0210 

7 . 3v*l"-0* 

2 . 6990  —  02 

2.8*1*  —  02 

0.3261 

1.0000 

9. *1 1 6"*  0  3 

NM 

2.1717 

1.8366 

5. 8950  —  0* 

5.8)50-40* 

9.22*9—0* 

1.0000 

1.0311  —  9* 

NM 

1.6363 

1.6295 

2.8*26  —  02 

2.5329-402 

2.37  35—02 

NM 

7.  32  35  —  0* 

mm 

U.0166 

8.3  997—0* 

2. 6360—02 

2.8*25*402 

0.31** 

1.9000 

9.  15  38  —  03 

NM 

1.9015 

1.60*3 

5. 95  89  —  0* 

5.9530-40* 

9.21 J7  — 0* 

l.  90  30 

1. 00  93  — u* 

NM 

l. 7075 

1.7033 

2.84  J3  —  02 

2.5*13-402 

2.37  3*  —  92 

»H 

7. 6513"- o* 

NM 

0.019* 

9.0  99  2—0* 

2.60  30—02 

2.8*33-402 

0.3032 

1. J000 

l.  >050  —  9* 

NM 

1. 9652 

1 . 6  50  * 

6.0030  —  0* 

6.0030-40* 

9.2  257  —  0* 

1.0090 

1 . 09  77  — 0* 

NM 

1.6393 

1.6915 

2. 8**9  — Q2 

2.5*69-402 

2.9795—02 

NH 

«. *206  —  0* 

NM 

0.3092 

3.  95*1—0* 

2.  5860—02 

2. 8**9  — 02 

12C-4 


8003-B-2 


CAT  8003 

RUN 

X  * 

r  i 

8003011 T 

2.0000--01 

INFINITE 

80030113 

2.1000"-0i 

INFINITE 

800  3011* 

2. 2000--01 

INFINITE 

800  30120 

2.4000--01 

INFINITE 

80030121 

2.6000"-Ql 

INFINITE 

00030122 

2.8000"-01 

INFINITE 


80030201 

1.3000--01 

INFINITE 

30030202 
1 .4000--01 
INFINITE 

BOO  30  20  3 
1 .5000--01 
rNFrNrrs 

80030  204 

1.5500--01 

INFINITE 

80030  205 
1 •  6000"-0 1 
INFINITE 

800  30206 

1.6S00--01 

INFINITE 

80030  207 
1 .  TOO  0*-0  1 
INFINITE 

800  30  20  8 
1 . 7  5OO*-0 1 
INFINITE 

300  30  20  9 
1 .8000^-01 
INFINITE 
80030210 
1 .9000--01 
INFINITE 

80030211 

2.0000"-0l 

infinite 

800 30 21 2 
2.1 000"-0  I 
INFINITE 

80030213 
2. 2  00  0* -01 
infinite 

80030  214 
2.3  000*-0 1 
INF  IN  IT  E 

800  30  215 

2.4000*-0l 

INFINITE 

80030216 

2.5000*-01 

INFINITE 

80030217 

2.60000-01 

INFINITE 

800  30  218 

2.80000-01 

INFINITE 


CO«>Yt  RE  I S  2 

0OJNDARY  CQNOITI 

DNS  AND 

eV ALU ATE 3  DATA, 

SI  UNITS 

NO  * 

T4/TR* 

RED2W 

CP 

Ml  2 

H 1 2  A 

PW* 

POO 

PW/PO 

RE  023 

CO 

H32 

H32< 

T* 

TOO 

TAUm  * 

32 

PI  2 

14  2 

0  2  A 

UD* 

0.8017 

1.0000 

1 ,0026"*04 

NM 

1.3007 

1.5095 

6.0120o*04 

9.1738**04 

1.0000 

l.O920“*O4 

NM 

1.7346 

1.7312 

2. 04640*02 

2*830 5"*02 

NM 

46>4"-04 

NM 

0.0125 

8.92 J7--04 

2.5680**02 

0 .8007 

1.0000 

l.O349**04 

NM 

1.7590 

1.4615 

6.0300**04 

9.1902-*O4 

1.0000 

1. 12700*04 

NM 

1.7514 

1.7491 

2 . 846i"*02 

2*08Ol"*O2 

NM 

3. 7200 "-04 

NM 

0.O092 

9.1682*-04 

Z.5650"*02 

3.7979 

1.0000 

9.906(J"*03 

NM 

1.6964 

1.4107 

6 .02 10  "*04 

N.1590**04 

1.U000 

1. 07  9  0**  04 

NM 

1.7773 

1.7752 

2. 8*62"*0  2 

2. 8 030** 92 

NM 

3. 3914--04 

NM 

9.0065 

8.70S3"-O4 

Z.5570-*02 

0.8002 

1.0000 

1  .0314-.0.. 

NM 

1.6369 

1. 3564 

6.0120**04 

O.l662**04 

1.0000 

1.1290**04 

NM 

1.8030 

1.0)14 

2. 8470 "*02 

2.83tl**02 

NM 

0.72590-04 

NM 

0.00»4 

9.1053--04 

2. 5640»*02 

0.7943 

1.0000 

1 .071 6**04 

MM 

1.6039 

1.3321 

6.0120"*04 

9.112  3"*04 

1.0900 

1. 1661 "*04 

NM 

1.3152 

1.013? 

2. 84700*02 

2 .8  80  5**02 

NM 

9.13960-94 

NM 

0.0058 

9.511 *"-0  4 

2 .  547 J"*0  2 

9.7162 

1.0009 

1 . 0  381- *0  4 

NM 

1.5676 

1.2979 

6.0120"* j4 

9.12990*04 

1.0000 

1. 1846"*04 

NM 

1.82S4 

1.8241 

2. 04 5 9 "*02 

2.3796"*02 

NM 

9. 25 16"-Q4 

NM 

0.0020 

9. 6151 "~04 

2.  552  )-*0 2 

1.2930 

1.0000 

1. 86520*0 3 

NM 

2.2  m 

1 .6166 

3.  3* 80 "*06 

9.1 887"*04 

1.0000 

2.  3044-.03 

NM 

1.3126 

1.9102 

2 . 71 67"*0  2 

2.07160*02 

NM 

1. 5874*-04 

NM 

0.3343 

1 .6735"-04 

3.  80  30 "*02 

1 .3060 

1.0000 

2.  3568 "♦ 3  3 

NM 

4.1880 

3.3506 

3. 2140 "*o* 

9.2017  •’♦04 

1.0000 

2* 92 30**03 

NM 

1. 71  76 

1.7105 

2.  7962-*02 

2.0722«*O2 

NM 

2. 0132--94 

NM 

0-1819 

2.3071--04 

3. 8320"*02 

1.3220 

1.0000 

>.  3116**03 

NM 

2.4859 

1.7063 

3. 2670"*04 

9 .32  92"*  94 

1. 0000 

2. 00O6"*Q3 

NM 

1.3591 

1.8  54  3 

2.79800*02 

2.0755* *02 

NM 

1.  96  25  "-04 

N  M 

0.0226 

2. 1  31 6"  “0  4 

3.d69l)"*02 

1.3330 

1.  9000 

6.  46 49 "♦  0  3 

NM 

2.4352 

1.5  06  3 

4.122-3**04 

l . 1 94  9"*  05 

1.0000 

8. 08 34"* 03 

NM 

1.7953 

1.7799 

2.7973o*02 

2.8757**02 

NM 

4. 3049*-04 

NM 

-0.0154 

4.8199--04 

3.093O-*O2 

1.2990 

1.0000 

1 • 4240  *♦ 04 

NM 

2.4997 

1.7033 

4.6170**04 

1.2775"*95 

1.0000 

l. 7623"*04 

NM 

1.7430 

1.7  317 

2.  804  T "*02 

2.8803-*02 

NM 

0.77960-04 

NM 

0.0119 

9.9139--04 

3.0223"*O2 

0.9854 

1.0000 

5.46440*93 

NM 

3.4623 

2.7846 

4. 3600**04 

9.94S0**O4 

1.0000 

6.2091  **<J3 

NM 

1.5155 

1.5050 

2. 0162-*O2 

2. 0647**O2 

NM 

4.4626«-04 

NM 

-0.0095 

5. 0605--04 

3. 0603"*0  2 

0.9329 

l. 0000 

*.  8224**03 

NM 

3.2335 

2.6666 

4.9950"*O4 

8.7590**04 

1.0000 

7. 65440*93 

NM 

1.5226 

1.5139 

2. 83270*02 

2  »3770-*02 

NM 

5. 9140 "-94 

NM 

0.0020 

6 . 4  77  2"  -04 

2.9280-*02 

0.9367 

1.9000 

7.  82  T5  "♦  0  3 

NM 

3.2172 

2.6394 

5.10  3  0"*0  * 

8 . 9  06  3**  04 

1.0090 

3. 70100*03 

NM 

1.5078 

1.4  192 

2.8340"*02 

2.8786"*02 

NM 

6. 59290-04 

NM 

O.OOOJ 

7.2?54«-0* 

2 • 9390  **0  2 

0.9109 

1.0090 

0.  7292**03 

NM 

3.0163 

2.5128 

5.2200**0* 

8.9340"*0* 

1.3000 

■».7433o*03 

NM 

1.5307 

1.5222 

2.03960*02 

2.8  81 3"*02 

NM 

7. 3320--O4 

NM 

0.0100 

8.0946"-04 

2.07 1 0**0  2 

0.88T4 

1.9090 

9. 8347"*0  3 

NM 

2.5607 

2.2181 

5. 4090**04 

9.0  247"*04 

1.0000 

1. 09:i-*9* 

NM 

1.5624 

1.5546 

2.0382-*O2 

2 .87890*02 

NM 

0. 211D*-?4 

NM 

0.0099 

9.90O9«-O4 

2.8060"*02 

0  .0643 

1.9000 

1.0S05-.04 

NM 

2.4100 

2.0131 

5. 5440" *0* 

9.0256"*  04 

1.0000 

1 • 169  3 "*0  4 

NM 

1.6009 

1.5137 

2. 8410"*02 

2.87900*02 

NM 

0.  32  23--  j4 

MM 

0.0110 

9. 5693" -0* 

2.74300*02 

0.8507 

1.00(30 

1. 1201 "♦ 0 4 

NM 

2.1603 

1.0015 

5. 6250"*04 

9.028l"*04 

1.0000 

1. 2336«*04 

NM 

1.6394 

1.6334 

2.841  1"*0  2 

2 . 87  31 "*02 

NM 

9.43160-04 

NM 

0. 3033 

l.0l68*-03 

2. 7050"*02 

0.8460 

1.0030 

1. 0965 -♦ 04 

NM 

2.3373 

1.6?0* 

5.679w-*0* 

9.0704»*j4 

1. 0090 

1.  20  63  "♦  94 

NM 

1.67*9 

1.6  69  6 

2.841 00*02 

2.87 )3"*92 

NM 

9. 21 12 "-04 

NM 

0.0021 

9 . 8  782"-0  4 

2.69200*02 

0.8504 

1. 3000 

l .  09  00  **♦  04 

NM 

1.9625 

1 .6090 

5.7060"*04 

9.1552"* 94 

1. JO 00 

l.  20U"*04 

NM 

1.6950 

1.6906 

2.8431 "*02 

2.08990*02 

NM 

9.  1 3  27  04 

NM 

0.0042 

9.7  746"-04 

2.  705  0" *02 

O.i330 

1.90  00 

1. O423-*0* 

NM 

1.3223 

1.4171 

5. 724u"*0  4 

9.0230"*04 

1.0000 

l. 1437“*04 

NM 

1.7368 

1.7  3 j5 

2. 045O**O2 

2.89160*02 

NM 

9. 0412"- 04 

N* 

0.3060 

9. 3756--04 

2.6590**02 

0.8293 

1.0000 

l.0215"*04 

NM 

1.7770 

1.4565 

5. 7240**0  4 

8.98660*04 

1.9000 

1. 11 13**04 

NM 

1.7534 

1.7508 

2 . 8*4S**02 

2.88070*02 

NM 

3.7151 "-04 

NM 

0.0029 

9.2094--04 

2 • 6460 "*0  2 

0.0103 

1.0000 

1.  12  79o*P3 

NM 

1.7641 

1.4483 

5. 75 10"*04 

8.9207"* 04 

1.0000 

3.  9851  "*93 

NM 

1.7563 

1.7547 

2. 8452"*02 

2.4906b*02 

NM 

7.  9710--04 

NM 

0.9011 

0.312S"-O4 

2. 61 50 o*02 

0.02)2 

l.OOuO 

1. 00440*0* 

NM 

1.6838 

1.3736 

5.7600**04 

0.15  90o*O4 

1.0009 

1.  106S**O4 

NM 

1.7926 

1 . 7  90  5 

2.844  jo*0 2 

2.471 1"*  02 

tm 

1.  30  65 "- 0* 

NM 

-0.9016 

9.7  6l9*-04 

2.6200«*02 

TJ 

T« 


6. 

2. 

2. 

6. 

2. 

2. 


6 

2. 

2. 


2. 

2. 


2. 


2. 


4. 

2. 


2. 

2. 

2. 

2. 


5 

2 

2 


5. 

2. 

Z. 

5 

2 


2, 

2. 

5, 

2. 

2, 


$ 

2 

2 


2 

2 


5 

2. 

2. 

5, 

2 

2. 


5 

2 

2 


O120"*04 

5524-*02 

8464«*02 

0  30 0**  04 
5528“*02 
04610*02 

.  0210"*04 
554T"*02 
3  46  2 0  2 

.01 2  0 “ ♦ 0  4 
5  540 “♦ C  2 
8471**02 

. 0120"*04 
557«"*02 
04  70  0*0  2 

.0120**04 
5  556"*  02 
8453**02 

24 »0 "*04 

1  5  2  <i  0  2 
7  96  7  "*0  2 

2  94'J  **04 
1  *1 6" ♦ 0  2 
7*62-*02 

26T0"*04 
1  30  7  "♦  0  2 
7  98  0**  02 


1 220-*04 
121 7**  02 
7  97  3"*  02 

61700*  04 
1 533**02 
8047-*02 

,  0600  **04 
3 3«0-*O2 
0162"*OZ 

,9950"*04 

,4S05-*02 

83270*02 

l  03  0"*  04 
i44J9"*02 
,8339-*02 

2209**04 
471 2"*02 
.  8  30  5"*0  2 
.40900*94 
,4072"*C2 
.  8  302 "*02 

.  5440"*04 
.  50  5  5  "♦  0  2 
.84090*02 

,62E9**0* 
>  5 1 5 1 -*02 
.  8  4 1 3"*02 

.  6  7 10 "♦ 04 
•  51 3  3"*0  2 
.84l9-*02 

.7060"*04 

.51690*02 

.84310*02 

.7240"*04 

.  52  9  3 "♦ 0  2 
.  845  0"*02 

7240"*04 

53240*02 

8445"*02 

■  7  S10"*04 
.5  40  4**02 
8*5  2"*02 

.  7  6C  0**0  4 
.5383“*02 
.84*  3**02 


8003-B-3 


I2C-5 


cat  aoo3  c opt.  neisi  iousoart  condition*  *no  ev  al'jate  o  data,  si  units 


»U* 

NO  ♦ 

TN/T0* 

x  * 

FOO 

P4/F0 

KZ 

TOD 

TAOM  * 

80030219 

0.8129 

1.0000 

3  .0000"-01 

3 . 90  90 "♦  04 

1. 00  JO 

INFINITE 

2.8ell"*02 

NM 

80030220 

0.8108 

1.0000 

3.2000--01 

8. 8092“* 04 

1.0000 

INFINITE 

2.8810**02 

MM 

80030301 

1.4350 

1.3000 

1.6000--Q1 

9.3897-*04 

1.0000 

INFINITE 

2.8642“*02 

NM 

80030302 

1.4  8*0 

1.0000 

1 • 8500"-0 l 

1.1056**05 

1.0000 

Infinite 

2.07 04**02 

NM 

80030  303 

1  .*.470 

1.0000 

1.9000"-01 

1.3358"*05 

1.0000 

INF  INITE 

2.0751“*O2 

NM 

8  00  30  30  4 

1.2750 

1.0000 

1 .9  500*-0 1 

1.0848"*05 

1. 00  00 

INFIN  IT 6 

2.074S"*O2 

NM 

800  30  30  S 

!  .2300 

1.3000 

Z.OOOO"-OI 

1.0443"*05 

1.0000 

INFINITE 

2 . 3  566"*02 

NM 

30030  304 

1  .0950 

1.0000 

2.0500"-0l 

8.8995 "*04 

1.0030 

INFINITE 

2.8  30 1"*  0  2 

NM 

800  30  50  7 

1.0240 

1. OQOO 

2.1000"-01 

8. 3005"* 04 

1. uooo 

Infinite 

2 . $  565"*02 

8  00  30  30  8 

1.0330 

1. 3000 

2.Z00Q--01 

8 . 66 1 4**  04 

1.0000 

INFINITE 

2.8803"*02 

NM 

800  30  30  9 

1.0290 

1.0000 

2. 3000" -01 

9,0326“*Q4 

1.0000 

INFINITE 

2.8799"*02 

NM 

80030310 

0.9943 

1. 0000 

2.490  9*-01 

9,1770"*  04 

1.  0000 

infinite 

2.8791«*02 

NM 

SOO  30  31  1 

0.9605 

1 . 00  00 

2 . 5000"-0 1 

9.2445"*04 

1.0000 

INFINITE 

2.87&S**92 

NM 

80030312 

0  .9323 

1.9000 

2. 6000"-0 1 

9.2736"*04 

1.0090 

INFINITE 

2.8782-*02 

NM 

000  30  313 

0  .9015 

1.0000 

2. 7000"-0l 

9.1 937"* 0* 

1. 0000 

INFINITE 

2.3792"*02 

NM 

80030314 

0.8834 

1.0000 

2 . 8  00  0"  -0  1 

9 . 1 656"*04 

1.0000 

INFINITE 

2.0789"*O2 

NM 

800  30  319 

0.8*71 

1.0000 

3 • 0000"-0l 

9  .0231**04 

1.0000 

INFINITE 

2 .8  791**02 

NM 

80030316 

0  .8178 

1.0030 

3.2000"-01 

8.9102“*04 

1.0000 

infinite 

2.971:  9“*02 

NM 

89030317 

0.0054 

1.0000 

3.4000--01 

9. 8983 *♦ 04 

1.0000 

infinite 

2.80O3"*O2 

NM 

*iOH 

CF 

M12 

RED20 

C2 

H32 

)2 

812 

M4  2 

1.  10  52  "♦  04 

NM 

1.6342 

1.2073"*04 

NM 

1.5086 

9. 5717 04 

NM 

0.0048 

1. 0645"*0* 

NM 

1.6037 

l. 16*4**04 

NN 

1.0254 

9. 26 J3"-04 

NM 

0.00*6 

l.  85*»2**0  3 

NM 

3,0427 

2.39J6**0J 

NM 

1.0556 

l.6371“-0* 

NM 

0,0523 

3.3514**03 

NM 

2,9972 

4. *0 1 9"*  C  3 

NM 

1.31*8 

2.  5920"-04 

NM 

-0.0064 

9  «  0151 "*0  3 

NM 

3.2345 

1.  1755**  04 

NM 

1.7408 

5.7154--04 

NM 

-0.0134 

7.  30  58"*03 

NM 

4.4323 

9. 97  77"*03 

NM 

1.4623 

5. 2399--04 

NM 

0.0404 

9.  61  42 "♦  i>3 

NM 

4.5334 

l.  1663"*04 

NM 

1.7108 

t.0039*-04 

NM 

0.0314 

*.  26 33"* 03 

NM 

9.4655 

4.9896"*03 

M 

1.5463 

3.  5034--04 

NM 

0.0254 

3.  26*9"*0  3 

NM 

14.1774 

3. 7478"*  0  3 

NM 

1.4302 

2.8994"-04 

NM 

-0.0356 

6.4233"*03 

NM 

8.9100 

7. 3904«*03 

NM 

1.5079 

5.  5136--04 

NM 

0.0209 

1.  1145"*04 

NM 

5.3632 

1.27  96"*  04 

NM 

1.4TT9 

9. 1714"— 04 

NM 

0.0677 

1. 5347"*0* 

N“ 

3.7300 

1.  00  7 4 "♦ 04 

NM 

1.5225 

1.  2348--03 

NM 

0.0332 

l.  17  04 "♦ 0  * 

NM 

2.9909 

2  •  1 12  3"*  04 

NM 

1  .  5  520 

l.  5047--03 

NM 

0.0255 

2. 1202"*0* 

NM 

2.49*8 

2. 1793"*0* 

NM 

1.5909 

1.  7076"-03 

NM 

0.0225 

1  ■  9913"*94 

NM 

2.4<»ll 

2.217  9 "*04 

NM 

1.  5006 

1.6262"-03 

NM 

0-0173 

2.  1323  "*04 

NM 

2.1205 

2, 3653"*04 

NM 

1.6488 

1 • 7542*-03 

NM 

0.0127 

2. 01 55 "*04 

NM 

1.0411 

2.2190“*0* 

NM 

1.6903 

l «  701 3"-0  3 

NM 

0.0056 

1 . 9462"*  04 

NM 

1.7*4* 

2. 1 294"*04 

NM 

1.7290 

1. 6807"-03 

NM 

0.0034 

1 . 841 5**04 

NM 

1 . 7373 

2.  009  7"*04 

NM 

1 .7550 

1.6007--03 

NM 

0.0094 

M  1 2  X 

PJm 

P.D 

M  32* 

TW 

r ) 

OZK 

UD* 

t-* 

1.3*15 

5. 7690"*04 

5.7690**04 

1.0069 

2.0*6l"*O2 

2.5  ** 1**0  2 

9.9939"-04 

2.6000"*02 

2.8  46 1 *♦ 0  2 

1.3157 

5.7690"»04 

5.T690**  04 

1.8239 

2.8462"*02 

2  ■  5*62"*  0 1 

9.  6382" -04 

2. 5940-*02 

2.3462**02 

2.1261 

2.90*0**04 

2.8030"* 04 

1.3520 

2. 7773"*02 

2.0297«*02 

1.8  H3"-04 

4.0980"*02 

2.777  3"*  02 

1.9062 

3.0600"*04 

3.04F0-.04 

1.S037 

2, 7787"*02 

1.9846**02 

2 . 9*  39"-0  4 

4. 2100"*02 

2 . 7  73  7"*02 

2.1067 

3. 91 60 "*04 

3. B160"*04 

1.7171 

2. 785l"*02 

2.0100"* 02 

6.6906*-0* 

4, 170«"*O2 

2.7  8  5  2  *♦ 0  2 

3.4384 

4.050J"*04 

4 . 0  500  *♦ 04 

1.6379 

2.801 l“*02 

2.1642**02 

6.012  7"-0* 

3 . 7650"*Q  2 

2.3011**02 

3 . 5  04  7 

4. 14 0?"*0* 

4. 1 *60**04 

1.6369 

2. 7975"*02 

2.1 9  30 "♦ 0  2 

7. 9359--04 

3.6520"*02 

2.7375**02 

7.0209 

4.1 940**04 

4.1 9*0**04 

1. 5622 

2. 7T31"*02 

2. 2827"*02 

4. 1 73 j"-0* 

3. 31 70"*02 

2.7732**02 

11.4317 

4. 25  70"*04 

4.2570-*0* 

1.4640 

2.8049**02 

2  ♦  3  •>97"*  02 

3  .4  97 2"-0* 

3. 1600"*02 

2.83*3**02 

7.4  }50 

4.4010"*04 

4.*010"*0* 

1.521t, 

2.6277**02 

2.3737«*02 

6.274>«-04 

3.1910"*02 

2. 82?6"*02 

4.7452 

4.6170"*04 

4.6  l7u"*0* 

1.4950 

2.0276-*OJ 

2.37,4**0> 

9.  9208" -0  4 

3.1780"*02 

2*  827  6"*  0  2 

3.1201 

4. 8490"*0* 

4 . 9690"*0* 

1.512? 

2.8294"*02 

2  .*  02  2"*  3  ? 

1 • 4  27 9" -0  3 

3.0960**02 

2.8295**02 

2 . 4  66  6 

5.11 2u**0* 

5 . 1 1 2  J-*  C  * 

1.5409 

2. 8299**02 

2.4204**02 

1 • 668  3"~0  3 

3.00l0"*02 

2.8  29M 0  2 

2.0463 

5. 2920-*04 

5.2  >20**0* 

I. 5826 

2. 9i39**02 

2.* 620 **02 

1.8732"-03 

2.9270-*02 

2. 8333"* 02 

2.0621 

5.4270-*0* 

5.4270"*0* 

1. 5  92  9 

2.  8363**02 

2.47^8**02 

1.7752--03 

2 • 8440"*02 

2. 8364**02 

1.7343 

5. 51 70 "*04 

5.5173**0* 

1.6432 

2. 8 J84**0  2 

2.4  ?02**02 

1. 8?94"-0  3 

2.7950"*02 

2.8384**02 

l.SUS 

5 . 64  30 "*0  4 

5.6430**0* 

1.6066 

2 • 04 1 4"*02 

2.51 79"*  0  2 

1.8  226"~0  3 

2.6950**02 

2.8*l6-*02 

1.4682 

5.  7* 20**04 

5.  7420**0* 

1.7268 

2.8440**02 

2. 5396"*02 

1.7823--03 

2.6I30"*02 

2. 0*40**02 

1.4441 

5.  80  50  **04 

5. 00  50«*0* 

1.7525 

2.  84  5  9**02 

2.S494"*02 

1.605l"-O3 

2.5790“*02 

2.0459"*O2 

12C-6 


8003-C-l 


80030301  Copy*  Rem  profile  tabulation  it  points*  oelta  at  point  it 


X 

r 

PT2/P 

P/PD 

TO/TOD 

*/no 

u/uo 

T  /TO 

R/ROtU/UO 

1 

0. 0000*400 

1.0000 *♦00 

1.03000 

0.96966 

0.00000 

0.00000 

1.36900 

0.00000 

2 

6.0000--04 

2. 0819*+ 00 

1.00000 

0.99640 

0.75261 

0.80381 

1.14067 

0.70468 

3 

8  *0000"-Q4 

2. 2011 *+00 

1.00000 

0.99676 

0.78467 

0.83138 

1.12261 

0.74058 

4 

1,0000»-03 

2.4133*400 

1.000  00 

0.99805 

0.83763 

0.87579 

1.09320 

0*80113 

5 

1.2000--03 

2.62+8*400 

1.00000 

0.99752 

0.88641 

0.91435 

1.06403 

0*85933 

t> 

1.4000--03 

2.78+9*400 

1.00000 

0.99820 

0.92125 

0.94143 

1.04429 

0*90151 

7 

1.6000--03 

2.9115*4  00 

1.00000 

0.99807 

0.94774 

0.96120 

1.02862 

0.93446 

8 

1.8000--03 

2.  99 71 -♦00 

1.00000 

0.99784 

0.96516 

0.97389 

1.01818 

0.95650 

9 

2.0000*-01 

3.0527-400 

1.00000 

0.99826 

0.97631 

0.98219 

1.01208 

0.97046 

10 

2.5000--03 

3. 11 98-400 

1.00000 

0.99827 

0.99955 

0.99170 

1.00436 

0.98740 

11 

3.0000«-03 

3.1448-400 

1.00000 

0.99864 

0.99443 

0.99536 

1.00189 

0.99349 

12 

3.5000--03 

3.1591-400 

1.00000 

0.99858 

0.99721 

0.99T32 

1.00021 

0.99711 

13 

4.0000*-03 

3.1627-400 

1.00000 

0.99906 

0.99791 

0.99805 

1.00028 

0.99777 

14 

5*0000"-03 

3.1807-400 

1.030 00 

0.99930 

1.00139 

1.00049 

0.99819 

1.00230 

15 

6.0000»-03 

3.1843-400 

1.000  00 

0.99851 

1.00209 

1.00073 

0*99729 

1.00345 

16 

7.0000*-03 

3.20  23-4  00 

1.00000 

0.9  9944 

1.00557 

1.00366 

0.99620 

1.00749 

0  17 

8.0000--03 

3.1735-400 

1.00000 

1.00000 

1.00090 

1.00000 

1.00000 

1.00000 

80030301  Copy/Reiaz  Turbulence  Data 

X  *  1.60001-01  DELTA  -  8.00008-03  UINF  *  2.57908+02 


IT  U  V  M  U*  V’  -U’V 

UIMT  UINF  UIHF  UWF  UIMF2 


1 

6.00001-4 

1.27728+0  -1.2586E-1 

1.08008+0 

1.08968-1 

5.98298-2 

2.46878-3 

2 

8 . 00001-4 

1.32118+0  -1.2346E-1 

1.12608+0 

1.08458-1 

5.11838-2 

3.07618-3 

3 

1.0000K-3 

1.39168+0  -1.2264E-1 

1.20208+0 

9.06558-2 

4.71118-2 

2.25978-3 

4 

1.2000E-3 

1.45298+0  -1.3009E-1 

1.27208+0 

7.64648-2 

4.26138-2 

1.68548-3 

5 

1,40001-3 

1.49598+0  -1.29358-1 

1 . 3220E+0 

6.61508-2 

4.01718-2 

1.41488-3 

6 

1.60008-3 

1.5273E+0  -1.3172E-1 

1.36008+0 

5.28898-2 

3.39288-2 

7.92338-4 

7 

1.80001-3 

1.5475E+0  -1.3606E-1 

1.38508+0 

4.33508-2 

2.90938-2 

5.23968-4 

8 

2.0000K-3 

1.5607B+0  -1.3827E-1 

1.40108+0 

3.68408-2 

2.74728-2 

2.13048-4 

9 

2.5000X-3 

1.5758E+0  -1.3625E-1 

1.42008+0 

3.16948-2 

2.81938-2 

3.77978-4 

10 

3.0000E-3 

1.5S16E+0  -1.35948-1 

1.42708+0 

3.04858-2 

2.84888-2 

3.12728-4 

11 

3  5000*- 3 

1 .58478+0  -1.35288-1 

1.43108+0 

2.88218-2 

2.66428-2 

4.13468-4 

12 

4.00001-3 

1.58598+0  -1.30448-1 

1.43208+0 

3.27458-2 

3.34708-2 

7.38668-4 

13 

5.0000B-3 

1.58988+0  -1.32618-1 

1.43708+0 

2.94658-2 

3.12918-2 

3.21448-4 

14 

6.0000*- 3 

1.59028+0  -1.32658-1 

1.43808 +0 

3.11838-2 

3.19588-2 

3.77828-4 

15 

7.0OOOE-3 

1.59488+0  -1.29088-1 

1.44308+0 

2.73908-2 

2.89968-2 

3.24158-4 

D  16 

8.00001-3 

1.58908+0  -1.23388-1 

1.43508+0 

3.53558-2 

3.55188-2 

7.27838-4 

80030306  Copy/Reiaz  Turbulence  Data 

X  -  2.05008-01  DELTA  -  1.20008-02  UIMF  •  2.5790E+02 


I 

r 

U 

V 

X 

U' 

V 

-U'V 

uwr 

UIMT 

UIK7 

um 

UIHF2 

1 

4.00008-4 

-1.41578-1 

5. 59528-3 

1.07508-1 

1.73018-1 

7.17338-2 

1.99818-3 

2 

5.00008-4 

-1.54328-1 

2.78178-3 

1.17108-1 

1.78878-1 

7.37118-2 

3.27618-3 

3 

6.00008-4 

-1.47651-1 

1.62318-3 

1.12108-1 

1.95508-1 

7.65038-2 

3.24008-3 

4 

8.00008-4 

-1.08108-t 

8.79028-4 

8.19808-2 

2.25448-1 

9.10048-2 

6.58378-3 

.00008-3 

-9.43398-2 

2.39168-3 

7.15708-2 

2.43358-1 

9.00748-2 

4.84878-3 

6 

1.20008-3 

-4.26138-2 

3.24208-3 

3.23908-2 

2.68678-1 

9.83718-2 

6.57628-3 

7 

1.40008-3 

8.37928-3 

6.09548-3 

7.85308-3 

2.85548-1 

1.09628-1 

8.09628-3 

8 

1.60008-3 

7.53398-2 

7.56118-3 

5.74208-2 

3.04468-1 

1.14668-1 

9.23748-3 

9 

1.80008-3 

1.52278-1 

3.38008-3 

1.15608-1 

3.12028-1 

1.15598-1 

9.03598-3 

10 

2.00008-3 

1.89228-1 

1.00978-2 

1.43908-1 

3.20948-1 

1.19318-1 

1.10638-2 

11 

2.50008-3 

3.59958-1 

2.72358-2 

2.75708-1 

3.40678-1 

1.21298-1 

1.08668-2 

12 

3.00008-J 

5.47508-1 

4.41268-2 

4.23708-1 

3.48128-1 

1.24898-1 

1.09808-2 

13 

3.50001-3 

7.46808-1 

7.42548-2 

5.88008-1 

3.58248-1 

1.17228-1 

9.32618-3 

14 

4.00008-3 

9.27888-1 

1.03148-1 

7.45808-1 

3.59838-1 

1.07448-1 

5.88318-3 

15 

4.50008-3 

1.08698+0 

1.32038-1 

8.93508-1 

2.98998-1 

9.02298-2 

2.75598-3 

16 

5.00008-3 

1.20788+0 

1.57858-1 

1.01308+0 

1.95508-1 

7.27038-2 

1.42838-3 

17 

5.50001-3 

1.27418+0 

1.72008-1 

1 . 08308+0 

1.10398-1 

6.06058-2 

1.58778-3 

18 

6.00008-3 

1.29598+0 

1.85278-1 

1.10708+0 

7.67748-2 

5.64178-2 

1.05628-3 

19 

7.00008-3 

1.30838+0 

1.90358-1 

1.12108+0 

4.66468-2 

4.70348-2 

1.22508-4 

20 

8.00008-3 

1.31728+0 

1.88178-1 

1.13008+0 

4.96708-2 

4.43208-2 

-5.57498-4 

21 

9.00008-3 

1.31378+0 

1.87328-1 

1.12608+0 

5. 44018-2 

4.49798-2 

-6.52518-4 

22 

1.00008-2 

1.30908+0 

1.85818-1 

1.12108+0 

6.64608-2 

4.66078-2 

-1.20178-3 

D  23 

1.20008-2 

1.28628+0 

1.70888-1 

1.09508+0 

1.94538-2 

4.69568-2 

-1.52458-3 

800302 
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80030311  COPY.  REISI  PROFILE  TABULATION  29  POINTS,  DELTA  AT  POINT  29 


I 

Y 

PT2/P 

P/PQ 

TO/TOO 

N/MO 

U/UD 

T/TD 

R/ROpU/UO 

1 

0.0000**00 

1.000Q"*00 

1.00000 

0.98381 

0.00000 

0.00000 

1.16534 

0.00000 

2 

6*  OO0Q"-O* 

1.0216*400 

1.00000 

0.99732 

0.18199 

0.19720 

1*17417 

0.16795 

3 

T.Q000*-Q4 

1.0225*400 

1.00000 

0.99660 

0.19405 

0.20150 

1*17299 

0.17178 

4 

8. 000© •- 04 

1.0220*400 

1.00000 

0.99859 

0.18376 

0.19923 

1*17552 

0.16949 

5 

1.0000--03 

1.0253*400 

1*00009 

0.99965 

0.19708 

0.21370 

1*17567 

0.18177 

6 

1. 2000**03 

1.0290*400 

1.00000 

0.99789 

0.21093 

0.22839 

1*17239 

0.19481 

1 

1.4000**03 

1.0299*400 

1.00000 

0.99541 

0.21406 

0.23146 

1*16919 

0.19796 

8 

1.50 00  *-03 

1.0323*400 

1.00000 

0.99545 

0.22238 

0.24039 

1.16846 

0.  20  57  3 

9 

1*8000**03 

1.0390*400 

1.  00000 

0.99540 

0. 24404 

0.26355 

1.16625 

0.22S98 

10 

2. 0000**03 

1 • 0431 "*00 

1. 00000 

0.99544 

0.25643 

0.27677 

1.16498 

0.23758 

11 

2.5000**03 

1.0595*400 

1.00000 

0.99042 

0.300  36 

0.32266 

1.15396 

0.27961 

12 

3.0000**03 

1.0866*40 Q 

1.  00000 

0.98563 

0.36075 

0.38520 

1.14018 

0.33785 

13 

3 • 5000**03 

1 . 1078*400 

1.00000 

0.98733 

0.40115 

0.42752 

1.13584 

0.37639 

14 

4.0000**03 

1.1446*400 

1.00000 

0.98832 

0.46174 

0.49017 

1.12694 

0.43496 

15 

4.5000**03 

l.l$25*«-00 

i.  ooooo 

0.98619 

0.51567 

0. 54415 

1.11352 

0.48868 

16 

5.0000  **03 

1.25O2»*00 

1.  00 000 

0.987C7 

0.59750 

0.62579 

1.09694 

0.57^49 

17 

5.5000**03 

l.i955*»00 

1.00  0  0  0 

0.98976 

0.64508 

0.67311 

1.08879 

0.61822 

18 

6.0000**03 

1. 3o2Y~**0 

1.00000 

0.99009 

0.70736 

0.73342 

1.07353 

0.68319 

19 

6.5000**03 

1. 4340**00 

1.00000 

0.99247 

0.76679 

0.78974 

1.06075 

0.74451 

20 

7.0000**03 

1.4886*^00 

1.00000 

0.99332 

0.80770 

0.82772 

1.05019 

0.78817 

21 

7.5000**03 

1. 5361 **00 

1.00000 

0.99443 

0.84092 

0.85838 

1.04197 

0.82381 

22 

8.0000**0 3 

1. 5992*4  00 

1.000  00 

0.99555 

0.8820 4 

0.89570 

1.03122 

0.86859 

23 

9.0000**03 

1.  48  73  *4  00 

1.00000 

0.99781 

0.93472 

0.94302 

1.01783 

0.92650 

24 

1.0000**02 

1 . 74  04  *4  00 

1.00000 

0.99823 

0.96419 

0.96868 

1.00934 

0.95971 

25 

1.1000**02 

1.77  94  *4 00 

1.00000 

0.99891 

0.99490 

0.98667 

1.00359 

0.98314 

26 

1.2000**02 

1.7955*40 0 

1.00000 

0.99945 

0.99323 

0.99400 

1.00155 

0.99246 

27 

1.3000**02 

l. 3108*400 

1.00000 

0.99938 

1.00194 

1.00067 

0.99925 

1.00142 

28 

1.4000**02 

1. 8049*400 

1.00000 

1.00001 

0.99802 

0.99833 

1.00063 

0.99771 

D  29 

1.6000**02 

1. 8088*400 

1.00000 

1.00030 

1.00000 

1.00000 

1.00000 

l.ooooo 

80030311 

Copy/Reiez 

Turbulence  D»ta 

X 

-  2.50001-01  DELTA  «  1.6000E-02 

UINF  -  2 . 57901+02 

I 

Y 

U  V 

M 

O' 

V 

-U'V 

UJW  UUCP 

UIW 

umr 

UINF2 

1 

6.0000E-4 

2.29471*1  -1.47651-2 

1.74801-1 

2.01321-1 

8.98801-2 

5.50721-3 

2 

7.00001-4 

2.34471-1  -1.63591-2 

1.78701-1 

1.92131-1 

9.83331-2 

6.51611-3 

3 

8.00001-4 

2.31831-1  -1.22451-2 

1.76501-1 

1.87241-1 

9.99611-2 

4.22631-3 

4 

1.00001*3 

2.48661-1  -1.20051-2 

1.89301-1 

1.89611-1 

1.16211-1 

5.29371-3 

5 

1.20001-3 

2.65761*1  -1.46611-2 

2.02601-1 

2.04151-1 

1.24741-1 

8.33831-3 

6 

1 . 4000E-3 

2.69331-1  -2.14151-2 

2.05601-1 

2.13381-1 

1.36451-1 

1.15501-2 

7 

1.5000E-3 

2.79721-1  -2.13691-2 

2.13601-1 

2.16601-1 

1.44091-1 

1.29421-2 

8 

1.80001*3 

3.06671-1  -2.42771-2 

2.34401-1 

2.26061-1 

1.50451-1 

1.56061-2 

9 

2.0000E-3 

3.22061-1  -2.55911-2 

2.46301-1 

2.39121-1 

1.61421-1 

1.81621-2 

10 

2.5000E-3 

3.75461-1  -3.99771-2 

2.88501-1 

2.58781-1 

1.68941-1 

2.28231-2 

11 

3.0000E-3 

4.48241*1  -5.76581-2 

3.46501-1 

2.75461-1 

1.74331-1 

2.76041-2 

12 

3.5000E-3 

4.97481-1  -6.05271-2 

3.85301-1 

2.90031-1 

1.83521-1 

3.05361-2 

13 

4-OOOOE-3 

5.70381-1  -6.35131-2 

4.43501-1 

2.97051-1 

1.78791-1 

3.09721-2 

14 

4.5000E-3 

6.33191-1  -7.96821-2 

4.95301-1 

3.20941-1 

1.83911-1 

3.57981-2 

15 

5.0000E-3 

7.26191*1  -6.66611-2 

5.73901-1 

3.19931-1 

1.72081-1 

3.06711-2 

16 

5.50001-3 

7.83251-1  -8.69331-2 

6.19601-1 

3.14151-1 

1.63591-1 

2.80551-2 

17 

6.00001*3 

8.53431-1  -9.23611-2 

6.79901-1 

2.93801-1 

1.52111-1 

2.25071-2 

18 

6.50001-3 

9.18961-1  -8.79021-2 

7.36501-1 

2.78011-1 

1.43781-1 

1.82371-2 

19 

7.0000E-3 

9.63161-1  -8.59251-2 

7.75801-1 

2.58551-1 

1.34081-1 

1.50501-2 

20 

7.5000E-3 

9.98841-1  -8.63511-2 

8.07701-1 

2.35751-1 

1.25821-1 

1.17841-2 

21 

6.0000E-3 

1. 04231*0  -7.92561-2 

8.47201-1 

2.01511-1 

1 . 09501-1 

6.75511-3 

22 

9.0000E-3 

1.09731*0  -6.62661-2 

8.97801-1 

1.47031-1 

9.15081-2 

3.67301-3 

23 

1.00001-2 

1.12721*0  -6.14561-2 

9.26101-1 

1.15391-1 

8.19701-2 

2.5138X-3 

24 

1 . 10001-2 

1.14811*0  -5.85111-2 

9.4600S-1 

7.83251-2 

7.07251-2 

1.33541-3 

25 

1.2000C-2 

1.15661*0  -5,11051-2 

9.54001-1 

5.69991-2 

5.90151-2 

2.50181-4 

26 

1.30001-2 

1.16441*0  -4.98641-2 

9.61501-1 

4.77321-2 

5.02911-2 

-1.91991-1 

27 

1 .40001-2 

1.16171*0  -4.18771-2 

9.58601-1 

4.57151-2 

4.83521-2 

-2.77091-5 

D  28 

1 .60001-2 

1.16361*0  -4.09461-2 

9.60501-1 

3.83441-2 

4.28851-2 

-2.06581-4 

12C-8 
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80030317  COPT.  REISZ 


PROFILE  TABULATION  26  POINTS ,  OELTA  AT  POINT  26 


I 

7 

PT  2/P 

P/P  0 

TO /TOO 

M/NO 

u/uo 

T/TO 

*/RD*U/UD 

1 

o.oooo •♦oo 

1. 0000*400 

1.00000 

0.98805 

0.00000 

0.00000 

1.11630 

0.00000 

2 

5.0000*-04 

1.1357*400 

1.00000 

1.00024 

0.53414 

0.55758 

1.08971 

0.51168 

3 

6.0000*- 04 

1.1423*400 

1.000  00 

1.00036 

0.54630 

0.56999 

1.08860 

0.52360 

6 

8*0000*-04 

1.1515*400 

1.00000 

0.99952 

0.562  93 

0.56627 

1.08464 

0.54052 

5 

1 .0000"-03 

1.1642*400 

1.00000 

1.00009 

0.58491 

0.60838 

1.08186 

0.56234 

6 

1 .5 000 *-03 

1.1875 *400 

1.00000 

1.00067 

0.62264 

0.64599 

1.0  7639 

0.60014 

7 

2.0000*-03 

1.2070*400 

1.00000 

0.99916 

0.65231 

0.67468 

1*06977 

0.63068 

9 

2.5Q00*-O3 

l. 22 21*400 

1.00000 

0.99942 

0.67403 

0.69601 

1.06627 

0.65275 

9 

3.0000*-03 

1.2383*400 

1.00000 

0.99905 

0.69650 

0.71772 

1.06186 

0.67591 

10 

3.5000--03 

1.2528*4 00 

1.000  00 

0.99874 

0.71586 

0.73633 

1.05800 

0.69596 

11 

4  .0000  *-03 

1.2698*4 00 

1.00090 

0.99958 

0.737  71 

0.75766 

1.054B1 

0.71829 

12 

4.5000*-03 

1.2857*400 

1.00000 

0.99918 

0.75732 

0.77627 

1.05066 

0.73884 

13 

5.0000*-03 

1.2982*400 

1.00000 

0.99832 

0.77234 

0.79023 

1.04685 

0.75486 

IA 

5.5000"-03 

1.3169*400 

1.00000 

0.99857 

0.79394 

0.81078 

1.04286 

0.77746 

15 

6 .0000"-03 

1.3292*400 

1.00000 

0.99878 

0.80785 

0.82396 

1.04030 

0.79204 

16 

7.0000*-03 

1.3594*400 

1.00000 

0.99807 

0. 84049 

0.85421 

1.03290 

0.82700 

IT 

8-Q00Q*-03 

1. 3958*400 

1.00000 

0.998<»0 

0.67761 

0.88872 

1.02548 

0.86664 

18 

9.0000--03 

1.4195*400 

1.00000 

0.9981 > 

0.90057 

0.90965 

1.0  2028 

0.89158 

19 

1 .0000*-02 

1.4523*400 

1.00000 

0.99868 

0.93093 

0.93757 

1.01421 

0.92444 

20 

1.1000»-02 

1.4710*400 

1.00000 

0.99867 

0.94774 

0.95269 

1.01048 

0.94281 

21 

1.2000--02 

1.4881*400 

l.OOCOO 

0.99907 

0.96264 

0.96627 

1.00755 

0.95902 

22 

1 .3  000"-02 

1.50  94  *4  00 

1.00000 

0 • 9  994 1 

0.98064 

0.98255 

1.00391 

0.97872 

23 

1.4000"-02 

1.5213*400 

l.OOCOO 

0.99966 

0.99057 

0.99147 

1.00183 

0.98966 

24 

1 .6000  *-02 

1.5416*400 

1.00000 

0.999  90 

1.00708 

1.00620 

0.99827 

1.00795 

25 

1.8000--02 

1.5464*400 

1.00000 

0.99932 

1.01092 

1.00931 

0.99680 

1.01254 

0  26 

2.0000--02 

1.5329*400 

l.OOC  00 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

80030317  Copy/Reisz 


Turbulence  Date 


X 

-  3.40008-01 

DELTA  -  2.00008-02 

UINF  -  2.57908+02 

I 

Y 

U  V 

K 

IT 

V 

-O'  V* 

UIW7  UIRT 

UWF 

UIBT 

UIMF2 

1 

5.0000E-4 

5.57588-1  -9.01908-3 

4.30308-1 

1.467*8-1 

7.13848-2 

1.67498-3 

2 

6.00008-4 

5.69998-1  -2.92018-3 

4.40108-1 

1.41028-1 

5-85898-2 

3.11378-3 

3 

8.00008-4 

5.86278-1  1.09938-3 

4.53508-1 

1.51656  1 

6.15358-2 

3.30928-3 

4 

1.00008-3 

6.08388-1  -1.79728-3 

4.71208-1 

1.57468-1 

6.89418-2 

4.21588-3 

5 

1.50008-3 

6.45998-1  -6.68488-3 

5.01608-1 

1.62278-1 

8.60808-2 

5.58698-3 

6 

2.00008-3 

6.74688-1  -1.48318-2 

5.25508-1 

1.71158-1 

9.20518-2 

6.81988-3 

7 

2.50008-3 

6.96018-1  -1.52008-2 

5.43008-1 

1.72518-1 

1.00588-1 

7.80918-3 

8 

3.00008-3 

7.17728-1  -1.89038-2 

5.61108-1 

1.75808-1 

1.02711-1 

8.21508-3 

9 

3.50008-3 

7.36338-1  -2.18348-2 

5.76708-1 

1.75078-1 

1.06441-1 

9.27958-3 

10 

4.00008-3 

7.57668-1  -2.33008-2 

5.94308-1 

1.76931-1 

1.09541-1 

9.88091-3 

11 

4.50008-3 

7.76278-1  -2.70268-2 

6.10108-1 

1.79068-1 

1.12021-1 

1.00281-2 

12 

5.00008-3 

7.90238-1  -3.48271-2 

6.22208-1 

1.75698-1 

1.09811-1 

9.30801-3 

13 

5.50008-3 

8.10788-1  -3.01518-2 

6.39608-1 

1.75738-1 

1.09421-1 

9.84481-3 

14 

6.00008-3 

8.23968-1  -3.39678-2 

6.50808-1 

1.72008-1 

1.09501-1 

8.95471-3 

15 

7.00008-3 

8.54218-1  -3.64758-2 

6.77108-1 

1.66778-1 

1.06718-1 

8.84201-3 

16 

8.00008-3 

8.88728-1  -3.59988-2 

7.07008-1 

1.55601-1 

1.01988-1 

7.50391-3 

17 

9.00008-3 

9.09658-1  -3.82948-2 

7.25508-1 

1.51148-1 

9.74028-2 

6.46801-3 

18 

1.00008-2 

9.37578-1  -3.69568-2 

7.50008-1 

1.34638-1 

8.67398-2 

4.90591-3 

19 

1.10008-2 

9.52698-1  -3.25321-2 

7.63508-1 

1.26211-1 

8.65848-2 

4.64121-3 

20 

1.20008-2 

9.66278-1  -2.92908-2 

7.75508-1 

1.16091-1 

7.99928-2 

3.72711-3 

21 

1.30008-2 

9.82558-1  -2.64448-2 

7.90008-1 

9.97671-2 

7.47198-2 

3.17231-3 

22 

1.40008-2 

9.91478-1  -2.62978-2 

7.98008-1 

8.79801-2 

7.20058-2 

2.05831-3 

23 

1.60008-2 

1.00628+0  -2.16878-2 

8.11308-1 

6.14581-2 

5.52158-2 

6.72661-4 

24 

1.80008-2 

1.00938+0  -1.88721-2 

8.14408-1 

4.97481-2 

4.70348-2 

1.23621-4 

D  25 

2.00008-2 

1.00008+0  -1.51738-2 

8.05608-1 

4.68401-2 

4.31958-2 

-1.28311-4 
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^ ^ 

M:  Appr.  2.32  upstreaa 

R  Theta  »  10_I:  4 

TW/TR:  Appr.  1 

^  - - gO 

CCF 

Continuous  tunnel  with  symsetric  contoured  nozzle.  W  =  170,  H  =  116 

P0:  50.6  kN/m2.  TO:  293  K.  Air.  He/m  *  10“‘:  0.44. 

DEBIEVE  J.F. ,  1983.  Etude  d'une  Interaction  Turbulence-Onde  Choc.  These,  Docteur 

es-Sciencea,  Univeraite  d’Aix  Marseille  II. 

And:  Debieve  et  al.  (1981).  Data  tables,  J.-P.  Dussauge  (PC) 

1  The  teat  boundary  layer  was  formed  on  the  floor  of  the  wind  tunnel,  remaining  under  ZPG 

4  conditions  for  approximately  240  mn  after  leaving  the  nozzle,  which  is  about  350  bb 
axially  from  throat  to  the  exit  plane.  The  tests  were  performed  on  a  compression  surface 
spanning  the  tunnel  and  sharply  inclined  at  6°  to  the  tunnel  floor.  The  surface  extended 

3  for  240  am  from  the  comer  (X  =  0).  Transition  was  forced  by  a  roughness  strip  upstream 
the  throat,  and  in  a  series  of  tests  over  a  range  of  tunnel  stagnation  pressure  the 

2  boundary  layer  was  shown  to  be  fully  developed  with  a  normal  turbulent  energy  spectrum. 

No  significant  free-stream  disturbances  could  be  detected  in  schlieren  photographs.  Pitot 
profiles  at  X  =  70  nmi  on  the  centreline  and  at  Z  =  +/-  35.5  n  were  within  1.5%  except 

5  near  the  shock  front,  here  well  outside  the  boundary  layer,  where  the  variation  reached 
4%.  Surface  flow  visualisation  "showed  no  sign  of  any  anomaly  in  the  two-dimensionality 

2  of  the  flow".  Free-stream  turbulence  at  frequencies  above  100  Hz  was  less  than  0.1%  for 
velocity  fluctuations. 

6  Wall  pressure  was  measured  at  8  stations  upstream  of  the  corner  and  13  downstream  with 
tappings  0.5  mm  in  diameter.  At  three  upstream  and  three  downstream  stations  measurements 
were  made  of  the  wall-pressure  fluctuations  using  a  piezo-electric  transducer  ("LEM  20H 
48A")  0.8  am  in  diameter  with  a  frequency  response  of  the  electronics  up  to  400  kHz  (see 
ch.  8). 

7  Pitot  profiles  were  measured  with  a  FPP  (h*  =  0.28,  h*  =  0.08,  bi  =  2.12,  b2  =  1.92, 
length  to  holder  35  m).  The  static  pressure  probe  used  was  "ONERA  20  K  10  biseautee", 
with  holes  (d  =  0.4  mm)  on  the  vertical  faces  of  a  slender  wedge  of  6.3*  included  angle, 

6  bi  from  the  tip,  length  to  holder  35  mm.  Mean  total  temperatures  were  found  using  a 
FWP,  the  active  element  having  d  =  3.8  /jm,  1=1  ms.  Fluctuation  measurements  were  made 
with  a  normal  HWP  (d  =  2.6  ^m,  active  length  0.7  m)  operating  in  the  constant-current 
mode,  with  12  overheat  ratios.  Data  reduction  was  by  modal  analysis  after  Morkovin  (1956) 
as  developed  by  Gaviglio  (1978)  and  others.  The  estimated  bandwidth  is  200  kHz.  All 
traverses  were  made  normal  to  the  tunnel  axis. 


8  The  entry  has  5  profiles  upstream,  one  at,  and  14  downstream  of  the  corner.  They  do  not 
match  those  presented  in  the  thesis  exactly,  and  do  not  correspond  in  general  to  wall 

9  pressure  tappings.  The  author  has  derived  TAUW  values  from  8  profiles  using  the  correlation 
of  Chew  (1978).  The  editors  have  accepted  the  authors  data  reduction  procedures.  The  wall 

12  pressure  values  are  taken  from  the  static  pressure  profiles.  In  most  cases  this  is 
straightforward,  but  at  the  foot  of  the  shock  (profiles  04-09)  the  values  are  not  very 
trustworthy  as  the  extrapolation  was  not  well  conditioned,  and  in  any  case  the  readings 
of  a  static  probe  near  a  shock  are  dubious.  The  values  are  consistent  with  the  author's 
graphical  presentation  of  PW  as  measured  at  the  wall  tappings.  The  TAUW  values,  profile 

13  derived,  were  received  privately  from  the  author.  The  profiles  form  a  single  series 
running  from  the  undisturbed  upstream  flow  through  the  compression  corner  interaction  and 
well  downstream  into  the  relaxing  flow.  We  have  presented  all  profiles  available  to  us  in 
tabular  form,  with  some  supporting  information  scaled  from  figures.  The  turbulence  data 
is  restricted  in  quantity,  and  we  present  only  copies  of  two  figures  from  the  source 
paper  (figs.  1  &  2.). 

§  DATA:  83060101-0120.  PT2,  TO,  P  profiles,  NX  =  20.  Some  normal  hot-wire  data,  and  wall 
pressure  fluctuations. 

15  Editors'  comments: 

This  experiment  is  part  of  a  programme  of  experimental  and  theoretical  studies  of  rapidly 
distorted  flows  undertaken  at  IMST  -  see  CAT8602T,  chapter  2  above,  and  the  associated 


bibliography.  Unfortunately  the  available  copies  of  the  data  tables  are  in  very  bad 
condition  so  that  we  were  unable  to  read  profiles  at  stations  4,  5,  8  and  14,  while,  for 
the  saae  reason,  soae  of  the  scatter  in  the  data  nay  not  be  of  experiaental  origin.  The 
profiles  are  functionally  complete,  with  reservations  (expressed  by  the  author  also)  as 
to  the  validity  of  static  pressure  data  near  the  shock.  They  do  not  reach  in  past  the 
■osentus  deficit  peak,  but  the  H12K  value  is  appropriate  to  a  fully  developed  boundary 
layer  at  this  relatively  low  Reynolds  number.  We  have  plotted  out  all  the  Mean  flow 
profiles  for  which  the  author  gave  us  a  wall  shear  stress  as  figures  (10.3.1-2). 

The  turbulence  data  are  very  fully  analysed  in  the  source  paper  -  unfortunately  the  main 
effort  went  into  taking  data  along  the  ny/6  =  0.4"  streamline,  and  this  does  not  fit  well 
into  our  handling  scheme.  There  is  much  other  graphical  information  on  correlations, 
length  scales,  spectra  etc.  in  the  source  paper. 

Comparisons  stay  be  drawn  with  the  investigation  of  Ardonceau,  CAT8402T,  using  an  LDV,  and 
the  Princeton  experiments  reported  in  CAT7904T  and  CAT8701T  using  hot  wires.  Both  cover 
a  wider  and  more  severe  range  of  corner  flows  in  closer  detail. 
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Fig.  1:  St Teamwise  component  of  turbulent  fluctuations  (Normal  HWP,  CC  mode). 


X  =  +20  mm  downil  ream 
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Fig.  2:  Turbulent  temperature  fluctuations. 
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0.  98658 

0.97934 

0*59625 

0.70550 

1.40001 

0.49716 

6 

3.0000"-03 

2.  9563  "4  00 

0.  95837 

0.98501 

0.657  30 

0.76108 

1.33865 

0.56193 

7 

4.0000"-03 

3.3952-400 

0.99106 

0.99112 

0.71626 

0.81092 

1.28179 

0.62699 

8 

5.0000--03 

3.884^-400 

0.993  74 

0.995*3 

0.77579 

0.85772 

1.22237 

0.69729 

9 

6.0000--03 

4.40l0**0Q 

0.993  74 

1.0000S 

0.83376 

0.90011 

1*16550 

0.767*6 

10 

7 .O0OO--OS 

4.9036-400 

0.99553 

1.00428 

0.88636 

0.93621 

1.11565 

0.835*1 

11 

8.0000"-03 

5.3944-400 

0.498  21 

1.00678 

0.934  77 

0.96677 

1*06965 

0.90220 

12 

9.0000--03 

5. 7698 ** 00 

0.99821 

1.00676 

0.97011 

0.98701 

1.03514 

0.95180 

13 

1.0000--02 

5.9708-400 

1.00000 

1  .00514 

0.93851 

0.99637 

1.01597 

0.98071 

14 

1.1000--02 

6.0671-400 

1.00000 

1*00377 

0.99720 

1.00038 

1.00639 

0.99*03 

15 

1.2000--02 

6.0805-400 

1.00000 

1.00171 

0.99840 

1*00000 

1.00320 

0.99681 

16 

1.3000--02 

6.0891-400 

1.00000 

1.00050 

0.99917 

0.99981 

1*00128 

0.99853 

0  17 

l.*000*-02 

6.0983-430 

1.00030 

I. 00000 

1.00000 

1.00000 

2.00000 

1.00000 

18 

1 . 5000  *-02 

6.1019-400 

1.00000 

0.99966 

1.00032 

1.00000 

0*99936 

1,00064 

19 

1.6000"-02 

6.1240-400 

0.99821 

1.00022 

1.00230 

1.00134 

0.99808 

1*00147 

20 

1.7000«-02 

6.1298-400 

0.99821 

1.00096 

1.00231 

1.00153 

0.9974* 

1.00230 

21 

2.2500"-02 

6.4001-400 

0.955  28 

1.00029 

1.02667 

1.01413 

0.97572 

0.99288 

22 

2.3000--02 

6.4395"*00 

0.93649 

1.00020 

1.03010 

1.01585 

0.97252 

0.97822 

23 

2.3500"-02 

6*  3874*600 

0.894  45 

0.999)0 

1.02557 

1.01337 

0.97636 

0.92836 

24 

2.4000"-02 

6.4730*600 

0. 838 10 

1.00029 

1.03301 

1.01738 

0.96997 

0.87907 

25 

2.4500*-02 

6. 8302*600 

0.78175 

1.00000 

1.06350 

1.032*7 

0.94249 

0. 8S638 

26 

2.5000“-02 

7.0736*600 

0.738 82 

0.99079 

1.08378 

1.03743 

0.91630 

0.83649 

27 

2.6000«-02 

7.4630*600 

0.71208 

0.99846 

1.11546 

1.05615 

0.89649 

0.83984 

28 

2.7000"-02 

7.4732-400 

0.70841 

0  .99992 

1.11627 

1.05730 

0.89713 

0. 83488 

29 

3.0OOO*-O2 

7*495 8*400 

0. 705 72 

1.00018 

1.11808 

1.05825 

0.89585 

0.83366 

83010116  DE81EVE 

profile 

TA8ULATION 

24 

POINTS  *  DELTA  AT  POINT  14 

X 

Y 

ril/p 

P/PD 

T0/70O 

N/ND 

U/UD 

T/TO 

R/RDPU/UD 

1 

0.0000*400 

1.0000-400 

0.976  91 

0.95191 

0.00000 

0.00000 

1.77092 

0.00000 

2 

5.0000*-04 

1.93  91*4  00 

0.976  91 

0.9760) 

0.49203 

0.60318 

1.50286 

0.39209 

3 

1.0000"-03 

2.2018*400 

0.97957 

0.9785* 

0.54301 

0.65434 

1.45208 

0.4*142 

4 

1 • 5000*-0  3 

2.4144-400 

0.97957 

0 .99111 

0.57970 

0.68979 

1.41587 

0.47723 

5 

2.0000"-03 

2.5945*400 

0.98135 

0.99334 

0.60858 

0.71680 

1.38731 

0.50705 

6 

3.0000"-03 

2.9800-400 

0.979  S7 

0.98792 

0.66537 

0.76758 

1.33081 

0.56500 

7 

4.0000--03 

3.4110*400 

0.98668 

0.99295 

0.72291 

0.81606 

1.27430 

0.63187 

8 

6.0000"-03 

4.3494*400 

0.99112 

1.00169 

0.83351 

0.90017 

1.16635 

0.76493 

9 

8  *0  00  0 "-03 

5.27  81  *6  00 

0.99290 

1.00670 

0.92949 

0.96340 

1.0  7429 

0.89041 

10 

9.0000"-03 

5.6949-400 

0.995  56 

1.00731 

0.96939 

0.98678 

1.03620 

0.9*806 

11 

1.0000--02 

5.9180*4  00 

0.995  36 

1.00659 

0.99006 

0.99789 

1.01588 

0.97793 

12 

1.1000"-02 

5.9936*400 

0.998  22 

1.00431 

0.99697 

1.00077 

1.00763 

0.99143 

13 

1.2000--02 

6.0354*400 

0.998  22 

1.00262 

1.00077 

1.00172 

1.00191 

0.99804 

0  14 

1.4000"-02 

6.  0269-400 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

15 

1 .6000--02 

6.0248-600 

1.00000 

0.99992 

0.99981 

.  0.99981 

1.00000 

0.99981 

16 

1.8000"-02 

6.0304*600 

1.00000 

0.99956 

1.00031 

1.00000 

0.99937 

2.00063 

17 

2.0000"-02 

6. 0614-600 

0.99822 

0.99971 

1.00312 

1.00153 

0.99683 

1.00293 

18 

2.7  SO  0"-02 

6.3446*600 

0.953  92 

0.999)4 

1.02842 

1.01495 

0.97397 

0.99394 

19 

2.8000"-02 

6. 3320*600 

0.93961 

0.99956 

1.02731 

1.01418 

0.97460 

0.97776 

20 

2.8500--02 

6.1218*600 

0.91395 

0.99965 

1.00858 

1.004*1 

0.99175 

0.92552 

21 

2.9000--02 

6.1989*600 

0.85968 

0.99963 

1.01549 

1.0080S 

0.98540 

0.87944 

22 

2 .9500"-02 

6.5129*600 

0.80639 

0.99931 

1.04316 

1.02242 

0.96064 

0.85826 

23 

3.0000--02 

6.9522*600 

0.75222 

0.99941 

1.08066 

1.04081 

0.92762 

0.8*401 

24 

4.O0O0--O2 

7.4657*400 

0.70071 

0.99943 

1.12288 

1.06055 

0.89207 

0.83305 
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M(inf):  2.89  upstream 

8401 

^ 

TW/TR:  1.11 

CSF 

Blowdown  tunnel  with  symmetrical 

minutes”,  normally  60  seconds.  W 

PO:  0.69  MN/m* .  TO:  240  -  280  K. 

contoured  nozzle.  Max.  running  time  "several 

=  H  =  203  mt.  L  up  to  2.7  m. 

Air.  Re/m  x  10"«:  63. 

TAYLOR  M.W. ,  1984.  A  supersonic  turbulent  boundary  layer  on  concavely  curved 

surfaces.  Princeton  ,  Gas  Dyn.  Lab.  Rep.  MAE- 1684 

And:  Jayaram  et  al,  (1987),  Donovan  &  Smits  (1987),  A. J. Smits,  data  tapes  and  private 

commun i cat i ons . 

2  The  general  arrangements  for  the  experiment  were  as  for  Settles,  CAT7904T,  q.v..  The 
abrupt  compression  corner  of  that  experiment  was  replaced  by  one  of  four  curved  ramps, 
again  narrower  than  the  tunnel  and  with  side  fences.  The  ramp  curvature  started  (X  =  0) 

1.15  ■  from  the  nozzle  exit  plane.  The  four  ramps  had  an  initial  circular  arc  section 
followed  by  a  flat  recovery  section.  Model  1  turned  the  flow  through  8*  with  a  radius  of 
curvature  of  254  mm(0<x<35.5  mm)  followed  by  a  flat  section  145  mm  long.  Model  2  also 
turned  the  flow  8*  but  with  radius  1270  wm  (0  <  x  <  177.3  mi) ,  again  followed  by  a  152  mm 
recovery  section,  Model  3  turned  the  flow  16*  with  radius  1270  wm  (0  <  x  <  354.7  m), 
followed  by  a  flat  plate  77  mm  long  and  model  4  (Donovan  4  Smits)  turned  the  flow  16° 
with  radius  350  am  (0  <  x  <  97.7  mm)  followed  by  a  flat  section  (E)  >  156  mm  long. 

6  Wall  pressure  was  measured  at  tappings  0.8  mm  in  diameter.  The  number  of  X-stations  and 
the  number  of  tappings  were,  for  model  1,17  along  the  centreline  an!  20  in  four  spanwise 
rows.  The  corresponding  figures  for  models  2-4  are  27,  30  in  6  rows,  38,  40  in  8  rows  and 
not  known.  Wall  shear  stress  was  measured  for  all  profiles  and  at  some  additional  stations 
using  a  Preston  tube  (dt  -  1.6,  d*  =  0.96  mm)  with  the  Hopkins  &  Keener  (1966)  calibration. 
Measurements  of  wall  pressure  across  the  ramps  showed  variations  of  less  than  7%,  while 
skin  friction  varied  by  about  10%.  Surface  flow  visualisation  showed  no  sign  of  any  steady 
vortex  structure  on  the  models. 

7  Pitot  profiles  were  measured  with  a  FPP  (hj  =  0.18,  h2  =  0.08  oh)  (model  4,  ht  «  0.33  mm) 
and  static  profiles  with  a  CCP  (d  =  0.84  am)  with  static  holes  about  10  diameters  downstream 
of  the  tip.  These  were  Mvery  sensitive  to  incidence "  and  calibrated  individually  against 
wall-pressure  readings.  Total  temperature  was  measured  with  a  thermo-couple  FWP  of  the 

type  described  by  Vas  (1972). 

8  The  main  mean  flow  profile  measurements  were  made  on  a  line  12.7  m  (model  4-0  mm)  from 
the  centreline.  The  X-values  for  these  profiles,  which  start  upstream  of  the  ramps  and 
continue  onto  the  flat  recovery  sections,  are  in  the  tables  of  Section  B.  In  addition, 

on  models  142,  profiles  were  measured  for  nine  stations  across  the  model  at  three 
X-stations,  upstream  of,  on,  and  downstream  of  the  curved  portion.  All  profiles  were 
measured  normal  to  the  local  test  surface 

9  Owing  to  the  difficulty  of  specifying  a  proper  unambiguous  boundary^ layer  state,  the 
author  has  used  an  "effective"  edge  state  based  on  free  stream  (reservoir)  total  pressure 
and  the  wall  static  pressure.  Properties  of  this  state  are  used  for  forming  dimensionless 
quantities  and  integral  thicknesses  and  in  the  reduction  of  Preston-tube  data,  following 
Settles,  CAT7904T.  The  tunnel  total  pressure  and  temperature  states  are  average  values 
for  a  run,  the  total  temperature  falling  by  "several  degrees"  during  a  30  second  run  as  a 
result  of  expansion  in  the  reservoir. 

The  author  found  that  the  overall  variation  in  the  total  temperature  profiles  was  only  4%. 
They  were  therefore  not  measured  at  every  station.  The  measured  profiles  were  replaced  by 
a  linear  approximation,  introducing  errors  estimated  to  be  less  than  2X  in  TO.  Static 
pressure  values  were  interpolated  from  the  measured  profiles  for  each  Pitot-pressure 
reading.  For  the  profiles  at  12.7,  25.4  and  50.8  m  on  model  2,  the  measured  static 
pressure  profile  was  replaced  by  a  linear  variation  through  the  compression  wave,  from 
10  the  wall  pressure  to  the  free-atream  pressure.  No  corrections  were  applied  to  the  profile 
data. 


12E-2 


8401-A-2 


12  The  editors  have  set  the  wall  temperature  at  1.04  TOD  on  the  advice  of  A.J.  Saits  as 
being;  typical  of  operating  conditions.  We  have  accepted  the  author's  calibration  and  data 
reduction  procedures.  The  tabulation  used  is  based  on  the  original  experimental  record, 
and  contains  sore  data  points  than  the  source  paper,  which  gives  interpolated  values 
(AJS).  The  D-state  has  been  selected  on  the  basis  of  the  total  pressure  profiles  (there 

13  are  no  shock  waves  in  the  exterior  flow  near  the  boundary  layer). 

This  entry  contains  the  mean  flow  for  the  three  aodels  used  by  Taylor  and  reported  in  the 
8010*06  paper.  To  these  have  been  added  the  results  of  a  similar  recent  investigation.  In 
each  case  there  is  a  sequence  of  functionally  complete  profiles  describing  the  development 
of  a  shock  free  boundary  layer  on  a  concave  compression  surface. 

§  DATA:  84010101-0411.  PT2,  P,  TO  profiles,  NX  =  11,  17,  15  and  11.  Wall  shear  stress  from 
Preston  tubes. 

16  Editors'  comments: 

These  experiments  constitute  part  of  a  long  series  of  related  tests  performed  in  the  sane 
tunnel  and  with  predominantly  the  same  instrumentation.  Turbulence  measurements  on  models 
1,2  and  4  are  discussed  in  CAT8702T  (Jayaram  et  al.,  1987  and  Donovan  fc  Smits  (1987). 
Models  1  &  2  both  deflect  the  flow  by  8°  and  can  be,  and  are,  compared  with  the  8° 
compression  corner  flow  of  Settles,  CAT7904T,  giving  three  different  rates  of  turning. 
Likewise  aodels  3  &  4  can  be  compared  to  the  16°  corner  flow.  Comparable  simple  wave  APG 
studies  are  those  of  Sturek  &  Danberg,  CAT7101,  and  Laderman,  CAT  7803S. 

The  profiles  are  given  in  close  detail  near  the  wall,  extending  within  the  momentum 
deficit  peak.  The  flow  outside  the  boundary  layer  is  shock-free,  though  model  4  was 
designed  with  the  expectation  that  the  shock  would  coalesce  only  just  outside  the  layer 
(the  data  appear  to  show  the  shock  in  the  outer  part  of  the  traverses  at  X  =  127  and 
152.4  mm).  It  is  therefore  possible  to  examine  the  total  pressure  profile  as  an  aid  to 
choosing  an  appropiate  D-point.  For  profiles  0105-7  there  is  a  substantial  pressure 
difference  across  the  boundary  layer,  and  the  flow  in  the  outer  region  has  yet  to  start 
turning.  There  is  therefore  the  possibility  of  significant  probe  misalignment.  The  outer 
region  static  pressures  which  are  reported  are  precisely  constant,  and  not  showing  the 
small  variations  found  in  the  other  profiles.  It  seems  probable  therefore  that  the  free 
stream  static  pressure  was  deduced  from  other  measurements,  with  the  measured  value 
discarded  because  of  misalignment.  The  mean  flow  profiles  (figs.  10.2.2-7)  are  discussed 
at  length  in  Ch.  10.2. 

The  pressure  gradients  are  not  very  severe,  the  wall  law  pressure- gradient  parameter 
reaching  a  maximum  of  about  5  x  10~3  for  profile  5  on  model  1.  As  a  curved  wall  case 
however,  there  are  normal  pressure  gradients  which,  at  these  Mach  numbers,  are  greater 
than  the  streamwise  gradients.  In  the  region  affected  therefore,  integral  values  are  not 
properly  formed  and  no  precise  conclusions  should  be  based  on  their  values.  The  author 
has  used  an  "effective"  edge  state  as  suggested  by  Settles  (1975)  and  this  must  throw  in 
doubt  both  the  reduction  of  the  Preston  tube  data  (the  Hopkins  and  Keener  compressible 
adaptation  requires  edge  state  values)  and  the  value  of  the  Van  Driest  transformed 
velocity.  (See  8  9.2.3  above.)  It  is  probable  that  the  outer  ports  of  profiles  0402-0406 
are  affected  by  misalignment  of  probes  with  the  local  flow  direction. 
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1.2399 
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2.3500 
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2.3500 
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.  .  8  5  J  0 
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2.8600 
n.70>2“*05 
2 ,7  661"*02 

2  .3  700 
■>.8*51"*05 
2 .7569"** 2 


2.9200 
7 . 0  7  9  7  -  » 6 
2.7718“*  )l 

2  •  7  7  j  0 
7 . 3  3  79"*  0> 
2 .  77  79" *92 

...  7  0  JO 
7 . 1  0  3  3“*  >  5 


1.10*0 

1.031* 

1. »510“*J2 
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1.2013 
1  .  37  7*"*)2 
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)*  >322 
1 .  38  3  3"  0  2 

1.  Ill  J 
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l.*065"O? 


1*1117 

l-"  5*0 
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5.  'ilol  J* 
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It  55*  3"-0  3 

9.  97 ’3"*'*  * 
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3 . $0: 7»-?3 

J.  -030  “♦  V* 
i  •  1  5  t*" ♦ J  * 
l. 3*33“- J3 

8, <-*21“*  u* 

9.  j35*"0* 
1.  il  <7"-v3 


3.0736"*  3* 
l*  31  7 * " - >3 

3.  21  »3“*  .'* 
I-  37  35  *-0 3 

J.  *  6  5 1  "♦  J* 

8.  32  3o"*  '*• 

l  .  *1  #6“-.  3 

I*.  **  ;7“*  J* 

1  »  -  3  2  7  J  3 

). :  2tg"*:* 

l  .5’H“-  -  3 
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1  .  r  3  •  7  "-  ,  * 
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5.62lO"*C2 
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1 .2  »66 
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« • .  3  >  1  3  ■  *  C  2 
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»oun)ary 


C  )NO  I T  l  J  NS  AND  6V4LUATCO  DATA,  SI  UNITS 
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X  * 
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NO  * 

POO 
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1E02D 
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>.*500 

4. 8504-405 
2.7890-402 

1.1026 

1.01*3 

2.0040-4)2 

■«.  8441-40* 

1.  »):•♦  )5 
1.6016--C3 
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INF  IN  IT  E 

2.5100 

7.0092-405 

2.7956-402 

1.10*0 

1.0569 
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5.6320-40* 
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INF IN  IT 5 

2 .**00 
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2.1330-*)2 
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3 .1 75O--01 
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2.52*0 
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2.79*5-402 
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l.  >533 
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2.95)0 
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2.62*5-402 
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1. 3352--0) 
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INFlNlfF 

2.8*00 

6.69*7-405 
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1.0030 

1  00  99 
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i.  9366-4  J* 
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1. 3559--J3 
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6.91*  9-405 

2 ,6030"402 
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9*01030* 
3.8100--02 
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6.9572-405 

2.6317-402 
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1.1)6* 
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). 3  8  JO"* J* 
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7.4200--02 
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2.87)0 

6.  #*06-405 
_ .6262-4 02 

1.30)0 

1.2  SOI 
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4.5))0,,4a* 
l .0263-4 95 

1 . 6  7 1 5  ^  3 

3*0 10  JO  6 
1.1*30“- 01 
Inf  in  pc 

2.7*00 
6.7)42-405 
2.6  3*1-4  )’ 

l. 3000 
1.2121 
1.5338-4)2 

5. 26*2-4 -9* 
1.1173-40  6 
1.6*  9»"-j) 

e-010  30  7 

1 .52*0"-0l 
INF  TW  ITz 

2.7500 
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I.jCOO 
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Cl 

2 
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02  K 
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P  J* 

TO 

T  R 

I. I ) 91--03 

N- 

NM 
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1.3178 
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1 .2  718 

1.9060 
2.3170--0 J 
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5.5250-402 
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1.2,7°"* 02 
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NN 

NN 
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*  .0390-40* 
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N* 

4.2382 
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-9.2333 
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2. 3*0g-*0* 
2.4556-402 
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N8 
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N*1 
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N- 
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2.4515-402 
5.7630-402 

2.16)0-40* 
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2.4596-4)2 

1.1  )  3  7  -  -  0  3 
N‘1 

NM 

3.6561 

1.9312 

-9.2*05 

1.2577 

1.917* 

2.C  ♦) 7«-0 3 

2.87*0-*0* 
2. *562-402 
5.7240-402 

2.279V".'* 
9.  920  1 
2. *562-4 : 

l.lls4-”0l 

•r« 

1.62  16 
1.8209 
-,9.2074 

1 .  :  7*  j 

1.3075 

2. ;039"-03 

3.2)70-*0* 
2. *697-*o; 
«.636J"*C: 

2. 720  >-*C* 

1 .063C"*0; 
2.4®  17-402 

1<G74 6»_C » 

N9 

3.  1710 
1.3131 

-  0 . 1  7  j  7 

1.2336 

1.7  iH 
’.*  io 3“-0 3 

3.7163-40* 

2.4374-402 

5.6l60-*02 

2.99-,  -4  0* 
l  .025 

2.4 >76-402 

1.113  9" -c  3 
M 

NN 

:.  993 1 

1.799? 

-0.1828 

1.33)3 

1.7942 

2.*  >9  5" -0 3 

*.  :<3oo-*c* 

2.4487-.C2 

1  5.5020-402 

3.42  iu-40*. 

1 .0  9« j"*C2 
:.4*5  7-*C 

9*01030  9 
2.  234)"-01 
INFINITE 

94<J10  310 
60  TO- -01 

INF  IN  IT*- 

94010  311 
3.0490--01 
INF INITr 

340  10  31  2 

}.*29'>"-0i 

InFINIT® 

94010  313 
3 .6  83\)"-0  1 
INFINITE 

340  10  31* 

4. 0  6*0- -01 
INFINITE 

9*01031  5 
4.  3180--01 
INF  t M  I T C 


84010*01 
-2.6*00"-02 
INF  INIT£ 

3*0  10*0  2 
2.5*O)"-02 
INF  IN  IT  3 

8*010403 
5*0000- -02 
infinite 

34010*04 
7. 420  0- -02 

IN* IN  I TF 


2.*5wO  1.00  JO 

6.93TJ-4VS  1.1972 

2.506*-*>2  1,U17"»1: 

2.33)0  U JJ JO 

6. 9932-495  1.1451 

2.*933"*92  2.33SO"*j2 

2.3*00  1.0)0) 

7. 0991-4 05  1.13)1 

2.4513-42  2.2«26-4): 

2.2600  UCiOCO 

5»’3ljl“4'"l5  1.1275 

2.57V5-40 2  2.*5l0-4J2 

2.2100  1.00^3 

4.7199-495  I.i0o9 
2.5337-402  2- 409A"4): 

2. 1900  1.3300 

6.T076"405  1.0*02 

2. 6l7  5-*02  2.6537-*J2 

2.1900  1.0000 

*  .  7019-40  5  3 .  )5  32 

2.6ll7"*C2  i.596*‘,*32 


2.3900 

L. 1122 

4.6758-*'''5 

1.0510 

2.755*"' j2 

1.46  )0"* i 2 

2.92)0 

1.11)1 

6. 1952"*Q5 

l.  3*60 

2.7503-402 

1.  53  70-* >2 

2 .89*0 

1.112* 

6.79*2-*05 

l. 7036 

2.7580-402 

1.6J*0"4)2 

2.7170 

1.1037 

4. T9*5-40  5 

1 . 69*3 

> . >52  8-4U2 

1.7190-4)2 

^.2373,,.',4  1.0473--03 

l. 5  7  2  C " ♦ 0  5  NN 

l .  32**"- 0  3  V* 

i.  7163  -♦  V4  1.0*23“  "3  J 
l.»9T5-*)S  NN 
1.  ) 3  30 --0  3  »H 
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2.2  3**  h-jJ  *M 

l  • 96  SO  ”♦  0  5  1.  1  775  - -0  3 

1  .  3709-4O5  NM 
2. 36T0 -- 03  nm 

1. 0606-4 o?  1.1333" -03 

1 .  12  66 ‘*♦0  5  *9 

2.  00  76"- 3  3  NN 

1.  11  36-405  1.2  1*2" -0 3 

1. 33 *9 -405  N" 

2. 09)2  "-0  3  N« 

♦.  6003"*)*  1 . 2501 " -0  3 

1.4  321  -35  N* 

1  .  7  »  *  5  "  -  ‘  3  N  « 

3.l6l3"*04  1.1*17" -0  3 

7.6641-40*  NN 

1.3114"-03  NN 

3.  9* 2  9M*  3*  l.  2  J  7 3"  -0  3 
9. 306**'*  J*  N" 

•  .  6*36-  - 'J  3  N1* 

5.3290-4J*  1 .  2*  51"  -0  J 

1.2993-405  N- 
2.  20  6  S" -0  3  N** 

7. 0033*404  1.2234"-03 

1.6369-405  N* 

«»*s  l  3  N- 


3.9311  1.3114 

I. 79*5  1.73*6 

-0.1396  2.542’"'07 

J. 4516  1.3205 

1.7892  1.7736 

-3.15*0  2.6T01--03 

3. >317  1.3177 

1.7992  1.7793 

- J . I  56  3  2.7932--0J 

1,2957  1.3017 

1.7965  1.7377 

-j.  11  45  2 . 7  16  J- -0  3 

3.3795  1.2934 

I. 3353  1.7)7- 

-0.1479  2.4364--03 

J. 619  7  1  .2  35  2 

1.9120  l.“H5 

-3.136*  2  .  7  923--03 

-.  260  5  1  .  2  > 1 9 

1  .  94  2  1  1  .  9  32  3 
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5.14&0  1.24)8 

1.9*67  1.8233 

-  0 • l fl 2  C  1 . 94*  2" -0  J 

1.56)9  1  .  )  -'2  1 

1.9097  1.715* 

-0.1674  2.  1-14" *0  ) 

l  .63*9  1  .  ?  *  *  7 

1 . 756)  1.77)1 

-o.iooe  2.j*»6i--0i 
1.2114 
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2.34*2"*02  1.1 3 90 "♦ 02 

5.J639-402  2. 364  2-4  jZ 

5.5790-40*  4.0633-404 

2.3656-402  1.1 6 9J-402 

5.1533-402  2.3>56-*02 

6.075  )-*0*  5.33>)-»04 

2.3130--02  l.l7(n-*02 

5. C4*0-*J2  2.3l30-*^2 

6.5)  70  -40*  5.7  H0-47* 

2. 4*  39-4  02  l.276)"402 

4. 12)3-402  2.44),-*02 

6.8110-40-  6.1570-40* 

2.4509-402  1 . 2  ) 7  ■) "  *  -2  2 

5. 0*0 •>“♦02  2. *50  9-4 1  > 

6.62  80-40*  -,.  3  72'j"*04 

2.43*2-402  1.3)60-402 

6.03*J-*o:  2  .*  9*2-402 

6.269)-*0*  t».4*T0*'4ft4 

2  .  «  7  9  '  *  .  0  2  1 . 3  3  9  "  •  t  2 

5.0553*402  ’.47>)"4,j2 

2. 2*93-40-  2. 179"-. 0* 

2.9656-*C;  1.0)*’  “  •  0  ’ 

5. t'9 2 “*02  2.5  * 


2.  3540-40-  2  .  1  1  ’*.  “*04 

: .  8  s  c  3  “  *  0 ;  1 . 0  1 2  ♦  “  •  0  2 

< .  -91 0  *-*02  ; .  5 » :  1  “*w2 


840I-B-3CM 
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CAT  94Q1  TAYLOR 


iOU»OARY  CONOITiaNS  *NO  EVALUATED  OAT*,  SI  UNITS 


RUN 

HD  * 

TW/T* 

RE02M 

CF 

H12 

H 1 2  4 

PN* 

PJ* 

X  * 

*»00 

9<i/P  D 

RE02D 

U 

H32 

M  3  24 

Ttf* 

73 

R I 

TOD 

TAUW  * 

02 

<>I2 

rt*  2 

Ui>* 

Tr 

84010*05 

2.4780 

1.1032 

9.2151 "*04 

1.1711--03 

1.60*7 

1.4033 

6. 1809 "♦ 0* 

* .  2  22  2*0* 

1.016Q--01 

6 • 9*9  5“*  0  5 

1.4639 

1.6839**05 

NN 

1.7595 

1.7*57 

2. 8688*02 

1 . 2  391 "*0 2 

INFINITE 

2.759*-*02 

2. 1220**02 

2- 2*i9*-03 

NN 

-0.0851 

2. *6**"-0  3 

5, 5261*0  2 

2.40  0**02 

8*010*06 

2.2070 

1.0962 

5. 7555"*04 

1.17 38"-0  i 

3.7258 

1.3550 

6.*73l"*0* 

6.  2329*0* 

1.2  700* -01 

6.7J81"-*05 

1.0395 

1. 2*49«*u5 

NH 

1.7853 

1.77J7 

2. 8780*402 

1 .*0 1 8"*  02 

INFINITE 

2.767*"*02 

2. *9*0*02 

1. 5090"-Q3 

NN 

-0.0853 

2. 0429" -03 

5. 2390*02 

2.625***02 

8*0 10  *0  T 

2.1930 

1.0959 

4.9270"*04 

1. 3032"-0  3 

3.6689 

1.3200 

6. 6200"*0* 

6. 2  592*0* 

1.52A0--01 

&.M99"*0S 

*.0576 

1.2*71  •♦85 

NN 

1.3008 

1.7911 

2. 8*9S*02 

1.376*"* 02 

INFINITE 

2. 7399"-*  02 

2. 7460***0  2 

1. 4979--03 

NN 

-0.0888 

2.02B7--03 

5.  1962*02 

2 .6  002*02 

a*oio*os 

2.2010 

1.3941 

4. 93  34 "♦ 0 * 

1.  373 3- -c  j 

3.5591 

1 .  ?  7  0  8 

6. TS80"*0* 

6.3*41-0* 

1.7780“ “0 1 

6.7836“*05 

1.0700 

l.  267i"*05 

MM 

1.3209 

1.81,1 

2 . 4061 "*02 

1 .*1  9<>-02 

INF  IN  176 

2.79**"402 

2.95  30" *0  2 

1.  532  3" - 3 3 

NN 

-0.U28 

2.01T6--03 

5.256l"*02 

2 .65 1  *"02 

8*010*0'* 

2.1650 

1.0951 

7.2894"*04 

1.439*"-03 

3.6655 

1.2673 

6. 930y  "O* 

6.6507*0* 

2.0320--01 

4.7J2*"*05 

1.0420 

1. 3139"*05 

NN 

1.8294 

1,820* 

2. 8329*02 

1  . *  3  57"*  02 

INFINITE 

2  •  7816*402 

3. 14 10" *3  2 

1.5642--03 

NN 

-0.1306 

2.0675--03 

5.2011-02 

2 • 6*  1 4"*  0  2 

8*010*10 

2.1430 

1,0345 

4. 9*97“*  04 

l.*65*"-0  3 

*.3232 

1.2*71 

7. 1040-0* 

4.8'87-*0* 

2.2660"-0I 

6. 7472*405 

1.0299 

1. 2229-05 

NN 

1.9438 

1.8357 

2.9091*02 

1. 4580**02 

INFINITE 

2.7972*402 

3.2500*02 

1.**  39**-0  ? 

NH 

-0.16*9 

1.9  279"-0  3 

5. 1832"*w2 

2.657  7"*  0  2 

6*010*11 

2.1430 

1.0945 

*>.  93  37 *♦0* 

1.  5  7  4  3"  -0  3 

3.3795 

1.2516 

6.8700*0* 

6  «  7  95  9*0* 

2. 5*0  <>*-0 1 

6.448A"*05 

1.0109 

1 • 21 30 "♦05 

NN 

1.8*77 

1.837* 

2.9279*02 

1. *475**02 

INF  IN  IT  6 

2.31 5*"*  02 

3. *450*02 

1 • *7  *5 *-0  3 

NN 

-0.1551 

1 .9*2 1"-0  3 

5. 20  50*0  2 

2.6752**02 

34010401 

TAYLOR 

PROFILE 

tabulation 

45 

POINTS,  DELTA  AT  POINT  40 

I 

y 

PT2/P 

P/P  0 

TO /TOO 

M/HD 

U/UO 

T/TO 

R/Rd*U/UD 

1 

0.0000* 

♦  00 

1.0090*400 

1.05C97 

1.04CQO 

0.00000 

0.00000 

2.76522 

0.00000 

2 

1.3000* 

-04 

1. 6213*400 

1.03857 

1.03211 

0.29875 

0.46189 

2.39036 

0.20069 

3 

4,1780* 

-04 

2.1432*400 

1.03857 

1.03229 

0.38333 

0.54945 

2.20679 

0.26800 

4 

6.5940* 

-04 

2. 75 56 "400 

1.038  57 

1.03235 

0.45590 

0.65124 

2.04052 

0.33147 

5 

9,0200" 

-04 

3.1448*400 

1.03395 

1.03069 

0.49549 

0.69144 

1.94737 

0.36712 

6 

1.1390" 

-03 

3.3644*400 

1.036  26 

1.030*4 

0.51632 

0.71164 

1.89970 

0.38919 

7 

1.3870* 

-03 

3. 59"0 "400 

1.03353 

1.03060 

0.53715 

0.73124 

1.85322 

0.40781 

3 

1.6290* 

-03 

3.7605-400 

1.03216 

1.03056 

0.55174 

0.74448 

1.82070 

0.42205 

9 

1.8630* 

-03 

3.9072-400 

1.03027 

1,02965 

0.56424 

0.75522 

1.7  9155 

0.43431 

10 

2.1110* 

-03 

4.06994400 

1.02849 

1  .02919 

0.57778 

0.76677 

1.76118 

0.44777 

11 

2.3520- 

-03 

4.2066-400 

1.028  90 

1.02903 

0.53899 

0.7/612 

1.73696 

0.45974 

12 

2.5820* 

-03 

4.3284*400 

1.03027 

1.0  2903 

0.53851 

0.78418 

1.71609 

0.47079 

13 

3.0850" 

-03 

4.5015-400 

1.03626 

1.02820 

0.61215 

0.79432 

1.69587 

0.49856 

•  14 

3.5720" 

-03 

4.7202-400 

1.03679 

1.02743 

0.62932 

0.80766 

1.64970 

0.50759 

15 

4.0580" 

-03 

4.9165*400 

1.02943 

1.02J15 

0.64340 

0.81871 

1.61916 

0.52052 

14 

4.5430" 

-03 

5. 1224*400 

1.02207 

1.02632 

0.65833 

0.82935 

1.59703 

0.53411 

17 

5.0220" 

-03 

5.3232-400 

1.01703 

1.02579 

0.67292 

0.83980 

1.55751 

0.54838 

18 

5.4970" 

-03 

5.5 083-400 

1.012  32 

1.024  96 

0.69542 

0.84826 

1.53160 

0.55094 

19 

5.9770" 

-03 

5.6507-400 

1.010  62 

1.024*0 

0.695  14 

0.85473 

1.51195 

0.57135 

20 

6.4600" 

-03 

5.7952-400 

1.0C515 

1.02358 

0.70486 

0.86099 

1.49208 

0.58232 

21 

6.9410" 

-03 

5. 9840*400 

1.00778 

1.02318 

0.71736 

0.96905 

1 .467  64 

0.59675 

22 

7.4290" 

-03 

6.0957*400 

1.00694 

1.02235 

0.72465 

0.87343 

1.45277 

0.60539 

23 

8.3910* 

-03 

6. 4432-400 

1.00463 

1.02101 

0.74688 

0.38636 

1.41000 

0.63199 

24 

9,3830" 

-03 

6.  7957*400 

1.00463 

1.02017 

0.76875 

0.89970 

1.36970 

0.65990 

25 

1.0340" 

-02 

7. 0829*400 

1.00463 

1.01852 

0.78611 

0.90905 

1.33725 

0.69294 

26 

1.1290" 

-02 

7. 3706-400 

1.005  99 

1.0  1742 

0.80313 

0.91821 

1.30712 

0.70667 

27 

1.2260" 

-02 

7.6707*400 

1.  006  72 

1.01592 

0.32049 

0.92636 

1.27612 

0.73265 

28 

1.3240* 

-02 

9.0207-400 

1.011  38 

1.01450 

0.84023 

0.93662 

1.24244 

0.75288 

29 

1.4210" 

-02 

8.3233-400 

1.015 14 

1.0136* 

0.85729 

0.94478 

1.21452 

0.78968 

30 

1.5180" 

-02 

9.5593-400 

1.01787 

1  .01205 

0.86979 

0.95015 

1.19331 

0.81046 

31 

1.6130" 

-02 

8.  97  67 -♦  00 

1.018  32 

1.01110 

0.83631 

0.95791 

1.156  55 

0.83651 

32 

1.7100" 

-02 

9.2550-400 

1.019  34 

1.00955 

0 .90640 

0.95617 

1.13573 

0.86715 

33 

1.8080" 

-02 

9.  53  91-4  00 

1.01787 

1.00848 

0.92118 

0.97214 

1.11370 

0.88849 

34 

1.9040" 

-02 

9. 9832-400 

1.01514 

1.00700 

0.93854 

0.97991 

1.0  87  86 

0.91346 

35 

2.0010" 

-02 

1.0177-401 

1.012  *0 

1.00613 

0.95313 

0.99458 

1.06709 

0.93412 

34 

2.0980" 

-02 

1. 0433-401 

1. 008  72 

1.00423 

0.96563 

0.98876 

1.04848 

0.95126 

37 

2.1960" 

-02 

1.0695-401 

1.00547 

1.00317 

0.97778 

0.99303 

1.03145 

0.96302 

38 

2.2930- 

-02 

1.0889-401 

1.0C326 

1  .001 54 

0.99750 

0.99602 

1.01733 

0.98225 

39 

2.3880" 

-02 

1.1050-401 

1.00C  95 

0.99963 

0.99514 

0.99801 

1.00578 

0.99321 

D  40 

2.4840" 

-02 

1.1154-401 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

41 

2.5780" 

-02 

1.1206-401 

0.99995 

0.9981 8 

1.00243 

1.00030 

0.99516 

1.00392 

42 

2.6750" 

-02 

1.1258-401 

0.  99821 

0.99637 

1.00486 

1.00000 

0.99035 

1.00794 

43 

2.8690" 

-02 

1.1362-401 

0.99454 

0.99477 

1.00972 

1.0Q099 

0.98279 

1.01296 

44 

3.0640" 

-02 

1.1362-401 

0,99170 

0.99279 

1.00972 

1.00000 

0.98094 

1.0 1108 

45 

3.2570" 

-02 

1.1414-401 

0.  99222 

0.9  9299 

1.01215 

1.00099 

0.97807 

1.01548 

1 2E-6 


N401 


84310101  TAYL3R 

PROF  US 

TA8ULAT  l2f< 

71 

POINTS,  Oc 

LT A  AT  POT 

NT  57 

I 

Y 

oM/t* 

P/P0 

TO/T30 

H/MO 

u/uo 

T/TO 

ft/K0*U/ JO 

1 

0.0000"+00 

1.0000*+00 

1.03434 

1.04C-1 

0.00000 

o.oaooo 

2.77725 

0.00000 

2 

8.8900--05 

1 . 69 13 "♦ 00 

1.034  $4 

1 .03830 

0.31142 

0.48098 

2.33545 

0.20866 

3 

1.7190*-Q4 

1.9344 "400 

1.034  34 

1.04036 

0.35996 

C. 54379 

2.2 $344 

0-24644 

4 

2.9320--04 

2. 3500"*Q0 

1.034  $4 

1.03672 

0.40830 

0.60034 

2.16544 

0.28713 

c 

3.6670"-04 

2. 5563"*uO 

1.034  34 

1.03333 

0.43253 

0.62358 

2.11199 

0.30  799 

6 

*.*6l0"-0* 

2. 61$o"*Q0 

1.05593 

1.03431 

0.43945 

0.63521 

2.03938 

0.32099 

7 

5,e630"-04 

2.77$4"*0Q 

1.061 19 

1.03435 

0.4  5675 

0.65370 

2.04835 

0.33866 

8 

4.*  3l9"-0* 

2, $444 "♦00 

1.06C  74 

1.039  90 

0.46367 

0 .66277 

2.04320 

0.34409 

9 

7.2P39"-04 

3.0 144 "♦00 

1. 058  95 

1.03523 

0.43097 

0.67917 

1.99399 

0.36069 

10 

8.57*Q"-04 

3. 1915"*  30 

1.C5762 

1 .0  34  9  < 

0.49927 

0.69644 

1.95362 

0.37703 

11 

9.*0*0"-04 

3. 3O11"*0O 

1.05895 

1.C3331 

0. 50865 

0.70604 

1 .92670 

0. 36805 

12 

1.0090"-©? 

3.3332 **00 

1.  06C74 

1.03730 

0.51211 

0.71075 

1.92620 

0.39140 

13 

1.2l80"-03 

3. *133 "+00 

1.05C  92 

1.03329 

0.51903 

0.71772 

1.91218 

0.39446 

14 

l.*Q9Q"-03 

3 ■ 4894 "♦ 30 

1.  053  60 

1  .0  38  99 

0.5259S 

0.7245? 

1 .8  9766 

0.40226 

15 

1.5830--03 

3.  64  50 "♦00 

1.05593 

1.0344? 

0.53979 

0.73537 

1.85344 

0.41807 

16 

1.7990"-03 

3.  90  50  "4  00 

1.05226 

1 .0  36ia 

0.55363 

0,74895 

1.8  3006 

0.43064 

17 

2.0080"-03 

3. 3456-+00 

1.  048  24 

1  .0  33-5 

0.55709 

0.75105 

1 .8  1752 

0.43316 

18 

2.1 35O*-03 

3. 9273 "  +  0C 

1.O5C02 

1.034-1 

0.56401 

0.75750 

1.80380 

0.44095 

19 

2  •  3  *>9O"-03 

3.96?3"*0C 

1.05226 

1.03757 

0.56747 

0.76169 

1.80162 

0.44487 

20 

2.5390"-03 

3.  9273"*  30 

1.052  70 

1.0  36’? 

0.55401 

0.75837 

1.90795 

0.44157 

21 

2.77OO"-03 

4.22  38"*00 

1.05449 

1.03331 

0.53324 

0.77899 

1 .74067 

0.466)4 

22 

2.9540"-03 

4. 3547"* 00 

1.  05  5  33 

1 .0  ?7  :  6 

0.59962 

0.73821 

1.73374 

0.47931 

y  3 

3.4Q80"-03 

4. 39$9"*0O 

1.05717 

1.03224 

9.60209 

0.79890 

1- 71690 

0.48576 

24 

3.9l70"-03 

4. 6695 "♦00 

1.05002 

1.035’1 

0.62294 

0.80637 

1 .07827 

0.50432 

25 

4 . 3  390 "-G3 

4. 6695"*  00 

1.  045  56 

1.03*32 

C  .62294 

0.90653 

1.67692 

C. 50290 

26 

4.355 0"-03 

5.  0452  "♦00 

1.04243 

1 .0  32-* 

0.65052 

0 . 82676 

1.61525 

0. *3356 

27 

5  •  3  64  0 "“03 

5. 1905"+00 

1.02707 

1 .0  30  7  + 

0 . 6  ->0  90 

0.83374 

1.  5  914* 

0.5*331 

28 

5.9000"-03 

5.23  94  "*  0C 

1.021 71 

1.03274 

9.664  36 

C  .  3  3  7  0  6 

1  . 5  ?t«o 

C. 54 401 

29 

6.2910"-03 

5.  3331  **00 

1.031  71 

1.032*? 

2.67123 

0.84194 

1  .  5  Y+09 

0.55219 

3C 

6.7890"-O3 

5 . 69 1  $ "♦ 0C 

1.034  79 

1.027  j  * 

0.60550 

0.95694 

1.51812 

0.59335 

31 

7.2000  '•-03 

5.  591 1  *4  00 

1.035  23 

1.027-4 

0.69550 

0.96677 

1.5  1751 

0. 59451 

32 

7 • ? 1 3  0 " -03 

6.1117  **00 

1. 034=4 

1.0256? 

0.7231? 

0.37439 

1.46193 

C. 61 9+o 

33 

3 • 2  00  0"-03 

6.  00  51  "*  00 

1.04377 

1 .0  23  9- 

9.71626 

0.36916 

1 .4  *24$ 

C. 6161 0 

34 

8.6900"- 03 

6.2193"+  00 

1.04  5  24 

1.  3  23  36 

9. 73010 

0. 97997 

1.4526? 

0 . 6  3  4  ii 

35 

9.2210"-03 

6.21  93  "♦  00 

1.046  90 

1 .0  23  M 

0. 7301C 

0  .  3  7  30  5 

1  .**6  35 

0.63556 

36 

9.6750"- 03 

6. 54?4"*O0 

1. 04511 

1  .0  25  .3 

0.750  37 

0 .3  9149 

1.40963 

0.6609; 

37 

1  .0l20"-02 

6.7?30"*00 

1.04422 

1.025-6 

0.764  71 

0 . 9QO04 

1 . 38526 

C  .  6  7  ?  -  6 

33 

1. 0660"-02 

6.  71  &5"*00 

1.03930 

1.02261 

0.76125 

0 .99672 

1  .  3  3760 

0.67164 

39 

1.1Q9C-02 

6.9442 "*0C 

1.  033  05 

1.31991 

0.77509 

0.90370 

1.3  50+0 

0.69475 

40 

1 .1 56Q "-02 

7. 176l"*00 

1.029  32 

1.020*7 

0.73893 

o.m?c 

1.33604 

0. 70296 

-1 

1.2090"-02 

7.4l22"+00 

1.02853 

1.02072 

0.80277 

0.919*5 

1 . 31268 

0.72069 

42 

1 .2570"-02 

7.2937 "*00 

1.02456 

1.01913 

0.79535 

0 .91521 

1.32246 

0. 7090$ 

43 

1  ■  3  50  0  "-0  2 

7.  95  37 "♦  0 0 

1.01921 

1.01632 

0. 93391 

0.93440 

1 .2  5554 

0. 75S52 

44 

1.4470"-02 

3.2083"*00 

1.01698 

1.01374 

9.84775 

0.94260 

1 .23629 

0.77470 

45 

1.5420"-02 

$.3932"+00 

1.01251 

1.01653 

0.35313 

0.94679 

1.21731 

0.78750 

46 

1 .6400"-02 

$• 91 61 "*0C 

1.00933 

1.0142  9 

0.99591 

0.95900 

1.1 7207 

0. 82625 

47 

1 • 7  35  0"-02 

9. 31 54"+00 

1.01C27 

1.01177 

C. 90657 

0.967  38 

1.1 3863 

0.85832 

48 

1.8310 H~ 02 

9. 3829"+00 

1.00?  93 

1.01144 

0.91004 

0.96877 

1.1 3325 

0.86249 

49 

1 .929C"-02 

9.  3624 "♦ 00 

1  • 006  70 

1.007  99 

0.  93426 

0.^7767 

o 

•r 

o 

0.89875 

50 

2.0250"-02 

1 . 0426 "*01 

1.  004  32 

1 . 0  "  8 , 6 

0.961 ?4 

0.9991$ 

1.05745 

0.93920 

51 

2.1280"-02 

l.v)569"  +  01 

1.00223 

l .  0  0  7  j  3 

0.96336 

0.9)145 

1. 04718 

0.94639 

52 

2. 221 0  "-0  2 

1.Q859-+01 

1. 00 C  4  5 

1.00413 

0.95270 

0.99546 

1.02615 

0.97053 

53 

2.3200"- 02 

1.0959"* 01 

1.00134 

1-0064 3 

0.93270 

0  •  99  56  4 

l .02551 

0.97123 

54 

2  •  4  1  9C  02 

1  .I0  90"*0l 

l.Gc 263 

1.0024  3 

0.99303 

0.99360 

1.01116 

0.99023 

55 

2.5220--02 

1 . 1O30"*O1 

O. -593  21 

i .  o  0 1  :•  3 

0-99303 

0.99791 

1.00974 

0.93651 

5  6 

2.6160"-02 

1.1223"*01 

0.  996-3 

l.ooo 

1.00000 

1.00000 

1.00000 

0.99643 

0  57 

2.7190"- 02 

1.12 23"+ 01 

1.OOCO0 

l.ooo :  ? 

1 . 00000 

1.00000 

1.00000 

1 .00000 

53 

2. 903 0"-02 

1. 1377" +01 

0. 99921 

0.99*60 

1 .0j692 

1.00192 

0.9  9009 

1.01014 

59 

2 . 9 1  20  "-  0  2 

1.  1377 "*01 

3. 93330 

1 .00043 

1.00692 

1.00279 

0.99181 

1.00429 

60 

3 . 00  30 "-G2 

1 • 1 302"*0 1 

1.00154 

0.99916 

1.09346 

1.0^037 

C . 994$4 

1.00  74  0 

61 

3 • 1090 "-02 

1  •  1 3  77 "♦ 0 1 

1. 00  2  69 

1.00043 

1.00692 

1.00279 

0.99131 

1.0137$ 

62 

3. 2050"-02 

1 • l 3  77 "*0 1 

1.00  coo 

1.00043 

1.00692 

1.00  279 

0. 99131 

1. 01 1U7 

63 

3  •  3000 "-02 

1 .1377"+01 

1. 9C  6  70 

1.00063 

1.03692 

1.00279 

0.99131 

1.0173* 

64 

3.4010"-02 

1.1377**01 

1. 0C357 

0.99869 

1 . 00692 

1.00192 

0.99009 

1.01556 

65 

3.4960"-02 

1.1377**01 

1.00432 

1.00043 

1.096)2 

1.00279 

0.991** 

1.01513 

66 

3.5980 "-02 

1.1302**01 

1.03447 

0.99916 

1.00346 

1.0008  7 

0.  " 

1 . 01 055 

67 

3. 6940 "-02 

1.1377**01 

l.OOl 79 

1.00043 

1.C0692 

1.00279 

•> 

l  .  0  1  2*$  a 

69 

3.7930"-02 

1. 1452-+01 

0.99062 

0. 999-j2 

1.01038 

1.00366 

« 

1.00761 

69 

3.8910"- 02 

1. 1452"* 01 

0.  994  t  9 

0.99962 

1.01038 

i.O0  366 

0  .  •»  1674 

l- 01 12* 

70 

3.991Q"-02 

t. 14 52"* 01 

0.  994  19 

0.99962 

1 .010  38 

1.00366 

0.99674 

1.0112* 

71 

*.O96O"-02 

1.  14  52 "*0 l 

0. 9$973 

0.99962 

1.01038 

1 .00366 

0 .9  36  74 

1.00670 

8401*03 


I2H-7 


34010105  TAYLOR  »MMl£  TABULATION  71  POINTS.  0£tT4  AT  POINT  56 


I 

r 

°TZ/f> 

P/PD 

TO/TOD 

*/N0 

U/UD 

T/TD 

R/RD*U/U9 

1 

o.oooo-*oo 

1.000Q"«-00 

1.17657 

1.04090 

9.00000 

0.09000 

2.74137 

0.00000 

2 

8,9900*- 

05 

1.93 79 "♦00 

1. 17657 

1.04499 

0. 35664 

0.53853 

2.28008 

0.27789 

3 

1.5740*- 

04 

2.19  51 *40  0 

1. 17657 

1.03769 

0. 39151 

C. 57909 

2.19658 

0.31 159 

4 

2.5850*- 

04 

2.3500*400 

1.  17657 

1.04292 

0.41259 

0. 50591 

2.15026 

0.33105 

5 

3.2340*- 

04 

2. 5  5  68  *♦ 00 

1. 17657 

1.03473 

0.43706 

0.53005 

2.07807 

0.35672 

6 

4.4610*- 

04 

2  •  61 86 "*0  0 

1.17614 

1.04035 

0.44406 

0.63957 

2.07444 

0.36262 

7 

5.5790*- 

04 

2.7459*400 

1.17439 

1*04345 

0.45904 

0.65544 

2.04765 

0.37592 

8 

6.3370*- 

04 

2. 9115 "♦00 

1.  17351 

1.03859 

0.47552 

0.67219 

1.99821 

0.39476 

9 

7.4920*- 

04 

2.9115*400 

1«  1 7 1  7  7 

1.03850 

0.47552 

0.67219 

1.99821 

0.3941 0 

10 

9.2850*- 

04 

2.9793*400 

1.17045 

1.03975 

0.49252 

0-67977 

1.99474 

0.40083 

11 

9.0430*- 

04 

3.1555 "♦O  0 

1. 16914 

3.03833 

0. 59000 

0.69706 

1.94354 

0.41 931 

12 

1.0090"- 

03 

3 .1 91 5" +00 

1.16733 

1. 34330 

0. 50350 

0. 70199 

1.943*9 

0.42174 

13 

1.1680"- 

03 

3. 2279 "♦00 

1.  16521 

1.03628 

0.50699 

0.70305 

1-92296 

0.42631 

14 

1.3770*- 

03 

3 . 5279  *♦00 

1.16171 

1.03423 

0. 53497 

0. 72897 

1.85682 

0.45608 

15 

1.6260"- 

03 

3.5667*400 

1.15822 

1.04i:-4 

0.53846 

0.73461 

1.86127 

0.4571  3 

16 

1.7920*- 

03 

3.S667"^90 

1.  155  59 

1.03755 

0.53946 

0.73338 

1.85502 

0.45686 

17 

1.9940*- 

03 

3.8456*400 

1.15210 

1.0  3492 

0. 56294 

0.75454 

1.79658 

0.48387 

18 

2.1820"- 

03 

3.8366*400 

1.14949 

1.0380  » 

0.56643 

O.T58?7 

1.79442 

0.48606 

19 

2.3440"- 

03 

3. B4  56*400 

1. 14685 

1.040  2* 

0.562  94 

0.75640 

1-80582 

0.43043 

2Q 

2.5710*- 

03 

4.0110*400 

1.  14336 

1.03867 

0.57692 

0. 76  91  2 

1.77264 

0.49  54  4 

21 

2.7550*- 

05 

4.0531*430 

1.  140  73 

1.03912 

0.590*2 

0.77129 

1. 76535 

0.49825 

22 

2.9790*- 

03 

4, 2238 "♦OO 

1,  13724 

1.03753 

0. 59441 

0-79258 

1.73336 

C. 51344 

23 

3.4260*- 

03 

4.4390*400 

1.  130  69 

1.037.5 

0.61539 

0*79951 

1.69791 

0.53556 

24 

3.8850*- 

03 

4.5783*400 

1.12325 

1.0303  J 

0.62239 

0.99263 

1.66332 

0.54205 

25 

4.4110*- 

03 

4 • 66  95 "♦OO 

1.  11495 

1  •  035  JO 

0.62937 

0.91009 

1.65672 

0.54  518 

26 

4.8770*- 

03 

4.9023*400 

1.  1C  795 

1.02995 

0.64685 

0.92120 

1.61169 

0.56453 

27 

5.3280*- 

03 

4.9973 "♦ 00 

l.  10140 

1.03054 

0.65395 

0.92666 

1.5984? 

0.56960 

28 

5.8510*- 

05 

5.1*13*400 

1.09353 

1.02844 

0.66434 

0.83354 

1.57426 

0.57900 

29 

6.3270"- 

03 

5.3378*400 

1. 08610 

1.03135 

0.63192 

0.84747 

1.54494 

0. 54578 

30 

■  6.7890"- 

03 

5. 5394*40  0 

1.07867 

1.0233* 

0.69590 

0.35576 

1. 51261 

0.61026 

31 

7.2580"- 

03 

5  •  5 994"*  0 0 

1.07168 

1.02792 

0.69530 

0.85558 

1.51199 

0.60643 

32 

7.7780*- 

03 

5 . 3473*40  0 

1.06381 

1.02670 

0.71329 

0.85687 

1.47599 

0.62437 

33 

0.1890*- 

03 

5.89  96*400 

1.05726 

1.02833 

0.71678 

0.86905 

1.47274 

0.62446 

34 

8.6800*- 

03 

6.3280*400 

1.04993 

1.02676 

0.74475 

0.8871 5 

1.41*93 

0.65637 

35 

9.1880*- 

03 

6.2735*400 

1.04196 

1.02734 

0.74126 

0.83521 

1.42609 

0.64677 

36 

9.6610*- 

03 

6. 6602 "♦O  0 

1.03453 

1.02693 

0.76573 

0.90002 

1.38149 

0.67393 

37 

1.0190*- 

02 

6.7730*400 

1.02666 

1.02337 

0. 77273 

0.90266 

2.36458 

0.67913 

38 

1.0660"- 

02 

6*  8  9  69 •♦O  0 

1.01923 

1.02326 

0.77972 

0.99672 

1.35228 

0.68  34  0 

39 

1.1110*- 

02 

7.  OS  97*4  00 

1.01224 

1.02155 

0.79021 

0.91201 

1.33202 

0.69306 

40 

1.1620"- 

02 

7.4719*400 

1.00411 

1.02133 

0.81469 

0.92559 

1,29079 

0.72052 

41 

1.2130*- 

02 

7.6525*400 

1.00000 

1.02290 

0.82517 

0.93193 

1.27549 

0. 73065 

42 

1.2580*- 

02 

7.7742-400 

1.00000 

1.02250 

0.83217 

0.93546 

1.26366 

0. 74028 

43 

1.3570"- 

02 

8.0207*400 

1.00000 

1.01935 

0. 84615 

0.94128 

1.23748 

0.76064 

*4 

1.4510"- 

02 

8. 2093  "*4  00 

1.00090 

1.017C1 

0. 35664 

0.94551 

1.21824 

0.  7761  3 

45 

1.5440*- 

02 

8.6551 "+00 

1.  ooooo 

1.015a? 

0.89112 

0.95697 

1.17959 

0.81128 

46 

1.6370"- 

02 

8.9505*400 

1.  00090 

1.01375 

0, 89161 

0.96103 

1.16179 

0.82720 

47 

1.7400"- 

02 

9.1146*400 

1.00000 

1.0133* 

0.99559 

0.95720 

1.14069 

0. 84  791 

48 

1 .8390"- 

02 

9.6553*400 

i.o**coo 

1.01352 

0.93357 

0.97972 

2.10132 

0, 88959 

49 

1.9360*- 

02 

9.9319*400 

1. 00C90 

1.01031 

0. 94755 

0.99413 

1.07370 

0.91233 

50 

2.0280*- 

02 

1.0072*401 

1.  oocoo 

1.0093  3 

0.95455 

0.93650 

1.06829 

0.92353 

51 

2.1280*- 

02 

1.0283*401 

1.09090 

1-0  0  74  3 

0.96504 

0.98995 

1.05230 

0.94075 

52 

2.2270*- 

02 

1.0569*401 

1.00090 

1.00642 

Q. 97902 

0.99506 

1.03304 

0.96324 

53 

2.3230*- 

02 

1.0797*401 

1.00090 

1.00433 

0.99951 

0.99824 

1.01772 

0.98086 

54 

2.4230"- 

02 

1.0787*401 

1.9C090 

1.00311 

0.98951 

0.99753 

1.01628 

0.93155 

55 

2.5180*- 

02 

1.0859*401 

1.00030 

1.00233 

0.99301 

0.99877 

1.01153 

0.98728 

0  56 

2.6180"- 

02 

1.1006*401 

1.00090 

l.OOO^J 

1.00000 

1.00000 

1.00000 

1.00000 

57 

2.7150--02 

1. 1030*401 

1.00090 

0.999:1 

1.00350 

1.00088 

0.994  T9 

1.00613 

50 

2.8110*- 

02 

1.1030*401 

1.00003 

1.00037 

1.09350 

1.00176 

0 .99654 

1.00524 

59 

2.9100"- 

02 

1.  1229*401 

1.00030 

0.99952 

1.01049 

1.00370 

0.93661 

1.01733 

60 

3.0040*- 

02 

1.1154*491 

1.0C090 

1.00037 

1.00699 

1.00232 

0.991 74 

1.01118 

61 

3.1010"- 

02 

1.  1228*431 

1. 90C 30 

0 .999:2 

1.01049 

1.00370 

0.93661 

1.01733 

62 

3.2020"- 

02 

l.  1154*4  01 

1.00090 

2 .00037 

1.096  99 

1.00282 

0.99174 

1.01118 

63 

3.3030*- 

02 

1.  1080*401 

1.00090 

1.00037 

1.00350 

1.00176 

0.99654 

1.00524 

64 

3.3980*- 

02 

1.1154*401 

1.00030 

1.09037 

1.09699 

1.00282 

0.99174 

1.01118 

65 

3.4960"- 

02 

1. 1090*491 

1.00090 

0.99911 

1.00350 

1.00098 

0.S9479 

1.00613 

66 

3.5920*- 

02 

1.10  80*4  31 

1.000  30 

1.09037 

1 .00350 

1.00176 

0. 9  96  54 

1.00524 

67 

3.6910*- 

02 

1.  1080*4  01 

1.00000 

0.99911 

1.00350 

1.00088 

0.99479 

1.00613 

68 

3.7930*- 

02 

1.1080*431 

1.000  00 

1.00037 

1.00350 

1.00176 

0.996  54 

1.00524 

69 

3.8900*- 

02 

1.1080*401 

1.00030 

1.000  *7 

1.09350 

1.00176 

0 .996S4 

1.00524 

70 

3.9890*- 

02 

1.  1080*401 

1.00000 

0.99911 

1.09350 

1.00088 

0.99479 

1.00613 

71 

4.0940*- 

02 

1.1030*401 

1.000  30 

1.00037 

1  .09350 

1.00176 

0.99654 

1.00524 

12H-H 


S4UI-C  -4 


34010107  TAYLOR  Ta3ULAfIJN  61  POINTS,  D5LTA  AT  POINT  53 


I 

Y 

PT2/P 

P/PD 

TO/TOO 

M/ND 

'J/UD 

1/JO 

R/RO*U/UO 

1 

0.0000"*00 

1.0000**00 

1.61265 

1.040  U 

0.00000 

0.00000 

2.74137 

0.00000 

2 

8.39GG"-05 

1.6373 "♦ 00 

l.  61365 

1 .03969 

0. 30420 

0. 469H 

2.38022 

0.3182  7 

3 

1 • 5700"-04 

1.3235"*00 

1.61355 

1.03155 

0.  33916 

0.51300 

2.28350 

0.36178 

4 

2.9250--04 

2.0325**00 

1.61  365 

1.0  3376 

0.  370  62 

0 . 5541 7 

2.23560 

0.39993 

5 

3.3640«-04 

2.1351"*00 

1. 61365 

1.02312 

0.39161 

0.57641 

2.16651 

0.42932 

6 

4, 4730  *-04 

2. 2661  **0  3 

1. 63447 

1.03072 

0.40210 

0. 53940 

2.14058 

0. 4*8^7 

7 

5.4770--04 

2. 2937*+00 

1.63  314 

1.03646 

0.40559 

0  -  59509 

2.1*269 

0.451-6 

8 

6.373G*’-04 

2.37tf6**00 

1.03427 

0.  *  l 6  0 3 

0. 6D6<-  3 

2.1 2464 

0.46721 

9 

7.6230*-04 

2.4075**00 

1,63934 

1.02970 

0.41953 

0.60914 

2.10771 

0.4  7  37  3 

10 

8.4830--04 

2 • 4663 "*00 

1. 63433 

1.03165 

0.42657 

0. 51751 

2.09554 

0.43151 

11 

9 • 6350 "-04 

2 • 5375"+00 

1.63C48 

1.030:3 

0.44056 

0.632*5 

2.06084 

0. 50033 

12 

l .  03  50*-  03 

2  •  5  3  75  **  00 

1. 63226 

1.030:3 

C. 44055 

0.63245 

2.06034 

0. 52C92 

13 

1.2500«-v>3 

2.71 36*»00 

1. 62634 

1*02356 

0*45454 

0-64704 

2.02631 

0.51961 

14 

1*4510 *-03 

2.6ai6"*0<; 

1. 62561 

1.03196 

0.45105 

C. 64437 

2.040  90 

0.51325 

15 

1 ,6270*-03 

2. 81 1 2"*0C 

1.62635 

1.03453 

0.465  J4 

0 .660  j  7 

2.01442 

0.53273 

14 

1. 3240*-03 

2. 9115 **30 

1.62295 

1.072:- 

0.47552 

0.6701 7 

1.90613 

0.64761 

17 

2 • 0 1 7  0*-0  3 

2. 3?78H*00 

1,61852 

1.031:7 

0.47233 

0 .6662  5 

1 .99224 

0.54127 

13 

2 . 1 890*-03 

3. 0492 "*00 

1. 61838 

1.03063 

0.48951 

0.63336 

1.95171 

0.56696 

19 

2.4080"-03 

3.  15  55  **00 

1.61535 

1.03615 

0.500  JO 

0.69614 

1.93844 

0.5317? 

20 

2.5870"-03 

3.U98H*00 

1,61896 

1.027/1 

0.49650 

0.63991 

1.93033 

0.57  34  3 

21 

2.7  590"-03 

3. 1915"*00 

1.61832 

1.03596 

0.50350 

0.69952 

1.9  3022 

C.  58656 

22 

2.9 740"-03 

3. 3756"*00 

1.61852 

1 .0  28-4 

0.5207? 

0.71375 

1 .87696 

0.41  54  8 

23 

3.444  0  *-03 

3.4894»*9 J 

1.  618  96 

1.026'1 

0.53147 

0.72233 

1 .04974 

0.42264 

24 

3.9530"-Q3 

3 . 64  50  "-*00 

1.61 320 

1.02715 

0. 54546 

0 .73635 

1.32241 

0.65131 

7  C 

4.4i50"-03 

3.  72  45  "♦OO 

1.61232 

1 . 0  2  5  : 5 

0.55245 

0.74153 

1 . 3u241 

0 .66346 

26 

4.9  0  30  *-0  3 

3. 9273"*0C 

1.609:: 

1.02393 

0.569  93 

0.7566? 

1 .7624? 

0.69034 

27 

5.3  62  0"-0  3 

4. OS  31 "*0G 

1.6C231 

1.03073 

0.590-2 

0.76319 

1.75168 

0.70299 

23 

5  ■  8  53  0*-03 

4.  26 72  *♦  00 

1.621 24 

1  *  0  29o 1 

0.597  90 

0.73242 

1.71247 

0.73160 

29 

6. 3  330  *-03 

4.  39  39  *♦  00 

1. 5  99  91 

1.02431 

0.65  3  39 

0.70918 

1.63263 

0.7503  9 

30 

6  *  9100"-03 

4.  52  37  "♦  3C 

1, 595 34 

1.02433 

0.625  17 

0.30336 

1.64635 

0. 7  7  80  3 

31 

7.2790--03 

4.7619"*  30 

1. 39149 

1,02313 

0.616  36 

0.31053 

1 .62229 

0.79514 

32 

7.742  0"-03 

4. 90 23"* 00 

1. 53928 

1.02597 

0.64635 

0.31961 

1.60545 

0.31135 

33 

8.2220--03 

5.  23  94 "♦ JO 

i. 59149 

1.02113 

0 . 6  7 1  33 

0.33552 

1  .  549  3  3 

C. 35834 

34 

8.6910--03 

5. 2394 "♦ 03 

1.59618 

1.025J5 

3 . 67 1 33 

0.33722 

1.55527 

0.85  336 

35 

9.1900"-03 

5. 3391 "♦00 

1. 59618 

1.02523 

*3  •^'*3  32 

0.34220 

1.54155 

0. 8665$ 

36 

9 • 6  63  0  *-0  3 

5.6918"* JO 

1. 58741 

1.020  2  J 

0.70233 

0.85714 

1.43747 

0.91479 

37 

1 .0160*-02 

5 . 69 1  8  "*  00 

l. 53337 

1.01915 

0 . 7C  2  30 

0.3569* 

1 .4  3635 

C  .  9 1  24  2 

33 

1.0630--02 

5.  95  23 "♦ 00 

1. 57554 

1.018  i  4 

0 .72023 

0 .863W 

1.45231 

0.94151 

39 

1.1130--02 

6 . 16  54 "♦  00 

1.57G  23 

1.01912 

0 .734JT 

0.87725 

1.42737 

0.96535 

40 

1.1 61 0"-02 

6 . 43  77 "♦ 00 

1.56092 

1.01816 

C  .751 75 

0.03774 

1.30453 

0 .99356 

41 

1.2000*-02 

6.  32  80 "♦ 30 

1.54197 

1  •  0  1  7  j  4 

0.74475 

0.33294 

1 .40551 

0 . 9604 C 

42 

1  .2480**02 

6. 7730 "♦ 00 

1.51833 

1.01537 

0.77273 

0-89913 

1 .3  5391 

1.00  834 

43 

1  .3450*-02 

7 . 4 1 22  "♦  00 

1.47J  4; 

1 . 0  1  5  --  0 

0.31119 

0.92101 

I  .23909 

1.05128 

44 

1  .4440--02 

7. 77 42  *♦  JO 

1.42?  13 

1.312*1 

0.31217 

0 .910  97 

1.2  51 56 

1.0  58)9 

45 

1  .5  40  0"- 02 

3. 2033"* JO 

1. 37661 

1.01139 

0.85644 

0.94239 

1.21150 

1.07239 

46 

1.6380"-02 

9 . 39  8  2 "♦ 00 

1. 32920 

1.012C  6 

0.36711 

0.94341 

1.1 9624 

1.05332 

47 

1. 7350»-02 

3.  35  05 "♦ 30 

1.29223 

1.0083* 

0. 331 

0. 95S37 

1.1 5536 

1.06341 

43 

1.3330--02 

9  •  1 1 46 "♦ 00 

1.22433 

1.00751 

0.90559 

0.96442 

1 .1 3413 

1.04966 

49 

1.9260--02 

?.  2432 "♦ 00 

1.15919 

1.076- ? 

0.91259 

0.96709 

1.1 2301 

1 .02408 

50 

2.0250--02 

9.  59 6 9"*  30 

1.140  39 

1  .004  33 

0. 93007 

0 . 974  01 

1.09676 

1.01322 

51 

2.1220"-02 

1. 0002**71 

1.093  93 

1.00229 

0.95105 

0.93163 

1 .06544 

1.00792 

52 

2.2200--02 

1 • 0  569**  0 1 

1.04652 

1.00231 

0. 97932 

0.99326 

1.02339 

1 «  0  1 C  0  3 

0  53 

2  •  3 1 60  *- 02 

1.  1006**01 

l.  000  ■‘O 

1.000:o 

1 . 000  00 

1.00000 

1 .00000 

1.00000 

54 

2. 4140"- 02 

1.1302**01 

0.  9844  9 

0.9991 3 

1.01399 

1.99430 

0.93196 

1 . 00  740 

55 

2.5120--02 

1. 1229**01 

0«  984  4  9 

0.  9960 

1.01049 

1.0021  3 

0. 99352 

1. 0031 2 

56 

2.6100"- 02 

1 • 1 229 "*01 

0.  99449 

0.9971  1 

l .01049 

l.oc 249 

0.93423 

1.00276 

57 

2.7070 "-02 

1 .13 02"*01 

0. 9944? 

0.99630 

1.01199 

! .00333 

0. 97918 

1 .00832 

59 

2 . 9  0  30  0  2 

1  .  1302*+01 

0.  934  4  9 

0.996)9 

1.01399 

1.00338 

0.97918 

1.00332 

59 

2.9030 "-02 

1.1377"* 01 

■).  984  4  9 

0. 99562 

1.0174? 

1 .00427 

0.97420 

1.01408 

60 

3.0010--02 

1.1302**01 

).  954  4  > 

0.936  >  9 

1.01399 

1.00338 

0. 97918 

1.00032 

61 

3. J0OO--O2 

1 . 1 3 J2  *  +  01 

0. 99449 

0.99630 

1.01399 

1.0^338 

0.97913 

1.00  332 
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34010X09  TAYLOR  PROFILE  TA5UIATI3N  66  POINTS.  DELTA  AT  POINT  57 


I 

T 

PT  2/P 

P/P  9 

TO/T3D 

M/MD 

U/UD 

T/TD 

R/ROPU/UO 

1 

0.0000* 

•■00 

1.0000-+00 

1.05671 

1 .03998 

0.00000 

0.00000 

2.35038 

0.00000 

2 

8.8900" 

-05 

1.  53  )6**00 

1.05671 

1.04359 

0.322  ri 

0.46597 

2.03494 

0.23617 

3 

1 .7940* 

-04 

1 • ?8  74 "+0Q 

1.05671 

1.03561 

0.37949 

0.53293 

1.93263 

0.20404 

4 

2.8800* 

-04 

2. 95  70 "♦ 90 

1 . 056  7 1 

1.0 3964 

0.42629 

0.53943 

1.91183 

0.32579 

5 

3.8580“-04 

2. 233  3*4  00 

1.0*5671 

1.04031 

0.45413 

0.62044 

1.36609 

0.35133 

6 

4.9440* 

-0*» 

2.  3500 "♦00 

1.055  42 

1 .03364 

0.47012 

0  .63548 

1.82720 

0.36T24 

7 

5.3490* 

-04 

2.4361 "+0Q 

1.05750 

1.0  3756 

0 . 4  90  04 

0.65749 

1.80020 

0.38624 

8 

7.0070* 

-0* 

2.4961 "+00 

1.05566 

1,036  )3 

0.49004 

0.65731 

1.79920 

0.38567 

9 

7 .8400" 

-04 

2.55  58"*  30 

1.05277 

1.0  38+3 

0.49901 

0.66593 

1.78809 

0.39208 

10 

8.9260" 

-04 

2. 74 59 *♦90 

1.954  97 

1.03433 

0.52191 

0.69850 

1.74025 

0.41734 

11 

9.7220* 

-04 

2.  71  JO 

1.051 “6 

1 .028  97 

0.51793 

0.68291 

1 .73804 

0.41308 

12 

1.0190" 

-03 

2.  74  58  "♦  00 

1.04930 

1.0293? 

0.521  91 

0.68703 

1.7  32  33 

:  .41605 

13 

1.1390* 

-03 

2.9455  *♦ 00 

1.05203 

1.03027 

0.54532 

0.71015 

1.69278 

0.44176 

14 

1.2620* 

-03 

2. 377J"^90 

1.05172 

1. 03221 

0.53795 

0.70336 

1.71014 

0.43256 

15 

1.3920" 

-03 

2.  97  30 "♦00 

1.05014 

1  .0  3416 

0.54930 

0.71528 

1.69256 

0.44379 

16 

1.5040" 

-03 

2. 9455*400 

1.04804 

1.029S4 

0.54532 

0.70996 

1.69190 

0.43978 

17 

1.5590* 

-03 

3.  0144 "♦00 

1.04699 

1 .0  3073 

0.55378 

0.71785 

1.63029 

0.44729 

13 

l  .6670" 

-03 

3.  01  44  "♦00 

1.04831 

1.0 30 T 3 

0.55378 

0.71735 

1.6  60  29 

0.44786 

19 

1.8080" 

-03 

3. 1193"+00 

1.04778 

1.03267 

0.56574 

0.72959 

1.66314 

0.45964 

20 

1.9240* 

-03 

3.08*4*400 

1.04752 

1.03529 

0.56175 

0.72634 

1.67412 

0.45479 

21 

2.0370* 

-03 

3.11 33 "♦00 

1.04621 

1.02852 

0.56574 

0.72812 

1.656*6 

0.45968 

22 

2.1780* 

-03 

3.  1 1  39  "♦  00 

1.0*773 

1  •  0  3  5  7  9 

0.56574 

0.73069 

1.66817 

0.45895 

23 

2.5760" 

-03 

3.2643"+00 

1.0*952 

1.03019 

0.59167 

0.74317 

1.63235 

0.47786 

24 

3.0610" 

-03 

3. 33  32  *♦00 

1.051  72 

1.02734 

0.53964 

0.74922 

1  ■  614  52 

0,49805 

25 

3.4630" 

-03 

3.52  79  "♦  00 

1.0*936 

1.02661 

0.60*56 

0.76628 

1.56030 

0.50833 

26 

3.9100" 

-03 

3.4133"+  30 

1.051*6 

1.03*26 

0. 59761 

0.75976 

1.61203 

0.49491 

27 

4.2230" 

-03 

3  *  4  3  34  "♦  00 

1.047  52 

1.031 3* 

0.60?  58 

0.76463 

1 .5  94  27 

0.50240 

23 

4.6500" 

-03 

3.80  50"+90 

1.0*4  39 

1.028  i 4 

0.63745 

0.79050 

1.53763 

0.53711 

29 

4.9980" 

-03 

3,  7646 "OO 

1.04279 

1.0  30  7C 

0.63347 

0.7*793 

1.54713 

0.53109 

30 

5,4000" 

-03 

3.  34  56  "♦  00 

1.02539 

1 .0  30  36 

0.64143 

0.79453 

1.53433 

0.53823 

31 

5.8490" 

-93 

3.  34  56 "♦  00 

1.038  36 

1.02421 

0.64143 

0.79197 

1.52443 

0.53970 

32 

6.2870" 

-03 

4.0110-+00 

1.03676 

1.02573 

0.65737 

0.80536 

1.50091 

0.55630 

33 

6.6920" 

-03 

4.2233-+00 

1.023  37 

1.02217 

0.67729 

0.91948 

1.46396 

0.57873 

34 

7.1410" 

-03 

4.3547-+90 

1.02293 

1.022  36 

0.65924 

0.82834 

1.44609 

0.59212 

35 

7.4960" 

-03 

4.  3108"+ 90 

1.03177 

1.02714 

0.68526 

0.82756 

1.45843 

0.58546 

36 

7.9450" 

-03 

4.  35  47  •♦  00 

1.  02072 

1.02422 

0.63924 

0.92939 

1.44801 

0.59037 

37 

8.3650" 

-03 

4. 3034-+00 

1.03324 

1.02411 

0.72908 

0.95838 

1 .38611 

0.63062 

38 

8.7080" 

-03 

4. 71 56 "♦00 

1.028  39 

1,02271 

0.72112 

0.95214 

1.39640 

0.62786 

39 

9.1390" 

-03 

4.6695-+00 

1.03045 

t.  02429 

0.71713 

0.94994 

1.40467 

0.62350 

40 

9.5340" 

-03 

5. 0452-+ 90 

1.02862 

1.02225 

0.74900 

0.87140 

1.35353 

0.66223 

4  1 

9.9720" 

-03 

4. 9973-+00 

1.03255 

1.01373 

0. 74502 

0.96718 

1.35482 

0.66090 

42 

1.0360" 

-02 

5.2394-+00 

1.02335 

1.01732 

0.764  94 

0.88021 

1.32408 

0.68362 

43 

1.1130" 

-02 

5.3879*490 

1. 029*0 

1.0203* 

0.77639 

0.39901 

1.30946 

0.69897 

44 

1.2000" 

-02 

5.  34  73  "♦  30 

1.03208 

1.01531 

0.81275 

0.90974 

1.25292 

0.75012 

45 

1  .:<J80" 

-02 

6. 2143-+00 

1.02C 19 

1.01874 

0.84064 

0.92772 

1.21791 

0.78472 

*6 

1.3790" 

-02 

6.3827-+00 

1.02914 

I  .01233 

0.85259 

0.93194 

1.19480 

0.80273 

47 

1.4730" 

-02 

6. 7165*400 

1.02914 

1.0133? 

0.87649 

0.945S2 

1.1  6369 

0.83619 

48 

1.5580" 

-02 

4,7730*400 

1.02804 

1.01064 

0.89043 

0.94643 

1.15543 

0.84213 

49 

1  .6540" 

-02 

7. 3528-+90 

1.02573 

1.01171 

0.920  32 

0.96790 

1.10606 

0.89760 

50 

1.7490" 

-02 

7.5319-+0 0 

1.02520 

1  .0  096  7 

0.93227 

0.97303 

1.03936 

0. 91 573 

51 

1.8*00" 

-02 

7.7742-+00 

1.02310 

1.00923 

0.94321 

0 .98055 

1.06939 

0.93811 

52 

1.9310" 

-02 

8.0329-+00 

1.01995 

1.007-5 

0.96813 

0.98918 

1.0*396 

0.96643 

53 

2.0280“ 

-02 

9.  2083-+00 

1.01419 

1.004)2 

0.97610 

0.99119 

1.03117 

0.97486 

54 

2.1160* 

-02 

8.4620-+00 

1.01155 

1.00344 

0.99203 

0.99817 

1.01240 

0.99732 

55 

2.2060" 

-02 

8.  5261  "400 

1.007  61 

1.000 1? 

0.99602 

0.99872 

1.00543 

1.00088 

56 

2.2960" 

-02 

3.  5261-+00 

1.00499 

0.99937 

0.99602 

0.99817 

1.00432 

0.99893 

0  57 

2,3830" 

-02 

8.5905-+00 

1.00000 

1.00033 

1 .00000 

1.00000 

1.00000 

1.00000 

50 

2.4790" 

-02 

8,7200*400 

0.99790 

0.99631 

1.007)7 

1.00165 

0.93750 

1.01220 

59 

2.5740" 

-02 

8.7230-+00 

0.99217 

0.99496 

1 .007  >7 

1.00092 

0.99606 

1.00814 

40 

2.6620" 

-02 

3.6550*400 

0.990  31 

0.99540 

1 .00398 

0.99945 

0.99100 

0.99926 

41 

2.7570" 

-02 

8.  72  00 *♦  00 

9.936  97 

0.99443 

1.00797 

1.00073 

0.96569 

1.00194 

62 

2.3470" 

-02 

8.  7851-  +  00 

0. 98310 

0.99530 

1.01195 

1.00312 

0.9  32  62 

1.00156 

53 

2.9340" 

-02 

8. 7299"+00 

3.  97611 

0.997' 5 

1 .007  97 

1.00202 

0.93823 

0.98973 

44 

3.0370" 

-02 

8.T200-+00 

0. 97243 

0.9 9  7C  5 

1 .007  97 

1.00202 

0.96623 

0.96600 

65 

3.1330" 

-02 

8.3595-+00 

0.46771 

0.99492 

1.  O'.  5  94 

1.00440 

0.97741 

0.99443 

46 

3.2240* 

-02 

9. 9505 •♦OC 

3.  96640 

0.994)2 

1.015 94 

1.00440 

0.97741 

0.99308 

12K-10 
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14010^04  TAYLOR  PROFILE  TABULATION  46  POINTS#  DELTA  AT  POINT  33 


I 

Y 

PT2/P 

D/pO 

TO/TOO 

N/MD 

U/UO 

T/TD 

R/RO*U/UO 

1 

0.0000"400 

1. 0000-+00 

1.694  34 

1.03996 

0.00000 

0.00000 

2.57539 

0.00000 

2 

1 .8000**04 

1.5330*400 

1.70112 

1.02829 

0.29654 

0.44519 

2.25384 

0.33601 

2 

4.1310"-04 

1.4754*400 

1.70112 

1.02817 

0.28215 

0.42599 

2.27339 

0.31798 

4 

5.1160*-04 

1.  57 92 "♦  OC 

1.701  12 

1 .02775 

0.30732 

0  .45931 

2.23367 

0.34990 

5 

7.4360**-04 

1.3000*400 

1.7C1 12 

1.02775 

0.36588 

0.53337 

2.12512 

0.42696 

6 

9.9SS0"-04 

2.0035*400 

1.773  98 

1.02720 

0.33572 

0.55705 

2.08563 

0.47381 

? 

1.2340"-O3 

2.1536*400 

1.75873 

1.02670 

0.40730 

0.58265 

2.04132 

0. SQ199 

3 

1.4740*-03 

2.2661*400 

1.746  87 

1.02754 

0.42326 

0.60043 

2.01236 

0. 52121 

3 

1.7200  **-03 

2.3671*400 

1.738  40 

I. 025*9 

0.43651 

0.61465 

1.98275 

0. 53890 

10 

1.9720*-03 

2.4435*400 

1.72823 

1.02601 

0.44682 

0.62593 

1.96240 

0.55123 

11 

2.2030**-03 

2.5324*400 

1.71976 

1.02633 

0.45712 

0.63710 

1.94247 

0.56406 

12 

2.3700*-03 

2.5660*400 

1.71467 

1.02563 

0.46117 

0.64117 

1.93294 

0. 56877 

13 

2.8460"-03 

2.7329*400 

1.69943 

1.02427 

0.43069 

0.66128 

1.89263 

0.S9378 

14 

3.3  24  0"-0  3 

2.8345*400 

1.  685  53 

1.02447 

C. 49761 

0.67825 

1.8  5782 

0.61535 

15 

3.8090--03 

3.0318*400 

1.67249 

1.02311 

0.51343 

0.69339 

1.82332 

0.63595 

16 

4.2930"-03 

3.1807*400 

1.66367 

1.02231 

0.52889 

0.70812 

1.79258 

0.65720 

17 

4.7690"-03 

3.2974*400 

1.655  37 

1.02229 

0.54C67 

0.71899 

1.76840 

0.67304 

18 

5  •  2  530**“0  3 

3.4971*4)0 

1.644  70 

1.02160 

0.56018 

0.73656 

1.72891 

0.70069 

19 

5 .741 Q"“03 

3.6925*400 

1.63030 

1.02070 

0.57953 

0.75251 

1.69162 

0. 72523 

20 

6.2240**-03 

3.  8334-400 

1.62217 

1.02035 

0.59146 

0.76349 

1.66629 

0.74327 

21 

6.6510--03 

3.9435*400 

1.611 32 

1.019  57 

0.60177 

0.77202 

1.64590 

0.75580 

22 

7.1390--O3 

4.1294-4)0 

1.  599  90 

1.01932 

0.61759 

0.79492 

1.61437 

0. 77750 

23 

8.0230"-03 

4. 5150*400 

1.57997 

1.01832 

0 .649  93 

0.81002 

1.55306 

0.82406 

24 

8.9150--03 

4. 91 73*400 

1.  555  41 

1.01667 

0.67427 

0.82759 

1.50648 

C. 35447 

25 

9.8790--03 

5. 22  47*4  00 

1.  528  64 

1.01523 

0.70556 

0.94933 

1.44908 

0.99596 

26 

1.0840--02 

5. 614)"*  00 

l.  5CC  17 

1.01402 

0.73427 

0.96823 

1.3  9813 

0.93156 

27 

1.1730«“02 

5. 9840*400 

1.47205 

1  .01330 

0.76040 

0.83459 

1.35332 

0.96219 

23 

1 .2640**02 

6.44  32*4  )0 

1.42934 

1  .0  1 1  **  4 

0.7)168 

0.90293 

1.30092 

0.99905 

29 

1 . 3  53  0"-02 

6. 8755*4)0 

1.4C241 

1.01076 

0.82002 

0.91903 

1.256)5 

1.02612 

30 

1.4510 *-02 

7.2978*400 

1.361.  39 

1.00933 

0.94615 

0.93274 

1.21514 

1.04463 

31 

1.5400--02 

7. 7559*400 

1.32006 

1  .0  0840 

0.87436 

0.94727 

1.1  72  35 

1.06659 

32 

1.6280--02 

3.1957*400 

1.27550 

1.006)7 

0.90099 

0.95957 

1.1 3424 

1.07907 

33 

1.7l60*-02 

8 . 60  34  "♦  00 

1.228 57 

1.00551 

0.92455 

0.97003 

1.10080 

1.03262 

34 

1.7970--02 

3. 9227 -♦00 

1.18706 

1.00467 

0.94258 

0.97735 

1.0  7623 

1.07854 

35 

1  .8850--02 

9.20  31*400 

1.13995 

1.00365 

0-95841 

0.99435 

1.0  54  37 

1.06375 

36 

1.9750"“02 

9.4914*400 

1.09C  32 

1.00254 

0.97397 

0.99045 

1.03434 

1.04453 

37 

2.0660--02 

9. 7379*400 

1.04439 

1.00113 

0.99712 

0.99533 

1.01670 

1.02244 

0  38 

2.1550--02 

9. 9803*400 

1.0C090 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

39 

2.2460--02 

1.0177*401 

0.95849 

0.99907 

1.01031 

1.00366 

0.99688 

0.97478 

40 

2.3350"-02 

1. 0276*401 

0.  920  54 

0.99736 

1.01546 

1.00508 

0.97967 

0.94442 

41 

2 .4250--Q2 

1.0433*401 

0.  882  92 

0.99644 

1.02356 

1.00752 

0.96891 

0.91811 

42 

2.5140--02 

1.0695*401 

0.847  68 

0.99516 

1 .03644 

1.01179 

0.95300 

0.89997 

43 

2.7030**02 

1.  1154*401 

0.  798  98 

0.99224 

1-05999 

1.01900 

0.92415 

0.88098 

44 

2.8890**02 

1.1414*401 

0 .  77804 

0.9  9119 

1.07237 

1.02306 

0. 90930 

0.87539 

45 

3.0730**02 

1.1520*401 

0.767  54 

0.98965 

1.07803 

1.02408 

0.90242 

0.87102 

46 

3.2600--02 

1.  1572*4)1 

0.  758  39 

0.93938 

1 .09050 

1.02509 

0.89990 

0-96399 

8*01040? 


TAYLOR 


PROFILE  TABULATION 


41  POINTS,  DELTA  AT  POINT  30 


I 

Y 

PT2/P 

P/PO 

TO/TOD 

*/no 

U/UD 

T/TO 

R/ROPU/UO 

1 

o.oooo-»oo 

1.0000"*00 

1.05764 

1,03999 

o.ooooo 

0.00000 

2.0*031 

0.00000 

2 

1.8000*- 

04 

1 • 5573**0Q 

1.04643 

1.02398 

0 • 374  Sl 

0.*982? 

1.77010 

0.29456 

3 

*.2270*- 

04 

1.6939"f00 

1.04643 

1.023*5 

0.4110* 

0.54019 

1.72717 

0.32728 

4 

6.1810*- 

0* 

1 . 9868"  +  0  0 

1.04643 

1.02249 

0.47469 

0.60950 

1.64865 

0.36696 

5 

8.7580"- 

04 

2.31 61 "+00 

1. 04643 

1.02290 

0.53260 

0.66875 

1.57660 

0.44387 

6 

1.1130*- 

03 

2  •  5233"*0  0 

1. 03533 

1.02253 

0.56498 

0.69994 

1.53433 

0.47215 

7 

1.3450*- 

03 

2. 6658*+00 

1.03035 

1.02205 

0.58596 

0  o  71 94  0 

1.50733 

0.49175 

8 

1.5790*- 

03 

2.7556-+00 

1.02443 

1.02219 

0.59872 

0.73114 

1.49123 

0.50227 

9 

1.8180*- 

03 

2. 8510 *+00 

1.02126 

1.02112 

0.61195 

0.74265 

1.4  72  79 

C. 51497 

10 

2.0500*- 

03 

2 • 8980 "+00 

1.01819 

1.02039 

0.61833 

0.74824 

1.46433 

0.52027 

11 

2.2930*- 

02 

2.9217"^00 

1.01692 

1.0211? 

0.62152 

0.7511 5 

1.46061 

0.52297 

12 

2. 5370*- 

03 

2. 96  95  "■♦00 

1.01512 

1.020*9 

0.627?! 

0. 75651 

1.45158 

0.52905 

13 

3.0140"- 

03 

3.O3l8*40O 

1.01037 

1.01995 

0.63611 

0.76344 

1.44040 

0.53552 

14 

3.4930*- 

03 

3. 0914*4-00 

1.00814 

1.01973 

0.64337 

0.77004 

1 . *  3032 

0.5*275 

15 

3.9760*- 

03 

3. 14*8 *♦00 

1. 007 30 

1.01853 

0.65071 

0.77540 

1.41999 

0.55005 

16 

4.4520*- 

03 

3.2060*400 

1.0C873 

1.018*6 

0.658*6 

0.79189 

1.41004 

0. 55938 

1? 

4.9*30"- 

03 

3.2*60*400 

2.00825 

1.01775 

0.663*7 

0.7*580 

1.40274 

0. 56481 

18 

5.4260*- 

03 

3. 31 22*400 

1.004  76 

1.0165? 

0.67163 

0.7921? 

1.39096 

0. 57223 

19 

5.9120*- 

03 

3.*0l9"4Q0 

1.003  28 

1.01696 

0.63263 

0.80123 

1.3T768 

0.533*9 

20 

6.3850*- 

03 

3.4356*400 

1.00127 

1.01551 

0.69266 

0.80872 

1.36320 

0.59*01 

21 

6.8550"- 

03 

3.5733*+00 

0.  997  98 

1.01533 

0.70360 

0.81733 

1.3*939 

0.604*2 

22 

7.3380"- 

03 

3.6925*400 

0.99609 

1.01*17 

0.71633 

0.82717 

1.33155 

0.61877 

23 

8.3030*- 

03 

3. 8497*4QQ 

0. 99498 

1  .01330 

0.73461 

0.04025 

1.30827 

0.638*5 

24 

9.2680*- 

03 

4 . 12  94 "♦OO 

0.99196 

1 .0115? 

0.76516 

0.86216 

1.26960 

0.67362 

25 

1.0030*- 

02 

*•328**400 

0.99291 

1.01099 

0.7361* 

0.87630 

1.24396 

0.69935 

26 

1.0930*- 

C  2 

*.5373*400 

0.99376 

1.01013 

0.81259 

0.89*58 

1.21199 

0.73350 

27 

l.2S10m‘ 

02 

5. 1 905*400 

0.995  03 

1.0U763 

0. 97095 

0.9311* 

1.14297 

0. 91061 

28 

1.4*40*- 

02 

5. 8316*400 

0.99810 

1.00533 

0.92836 

0.9643* 

1.07784 

0.89299 

29 

1.6380*- 

02 

6. 3608**00 

1. OOC 42 

1.00290 

0.97*01 

0.93793 

1.02870 

0.96069 

0  30 

1.8330*- 

02 

6.6771"*00 

l.OOCOO 

1.0003C 

1.00000 

1.00000 

1.00000 

i.00000 

31 

2.0250*- 

02 

6. 8355*400 

1.  OOC 32 

0.997*1 

1.01277 

1.0051* 

0.93500 

1.02078 

32 

2.2150"- 

02 

6.8755*400 

0.99547 

0.99515 

1.01596 

1.00559 

0.97969 

1.02539 

33 

2.4110"- 

02 

6. 9155*400 

0.99662 

0. 99264 

1.01915 

1.00593 

0.97421 

1.02906 

34 

2.6050"- 

02 

6. 91 55*400 

0.  991  54 

0.990.* 

1.01915 

1.00*58 

0.97162 

1.02518 

35 

2.7980*- 

02 

6. 9615*400 

0.9e4Q3 

0.98739 

1.02230 

1.00503 

0.96556 

1.02*26 

36 

2.9940"- 

02 

6.9615*400 

0.98001 

0.98*75 

1.02230 

1.00369 

0.96298 

1.021** 

37 

3.1860"- 

02 

6.8755*400 

0.98033 

0.98*77 

1.01596 

1  .00033 

0.96948 

1.01153 

33 

3.3700*- 

02 

6. 9355"+00 

0.968*3 

0.98502 

1.01277 

0.99838 

0.97277 

0.994*8 

39 

3.5640*- 

02 

$.9840*400 

0.850*5 

0.99451 

0.9*209 

0.96165 

1.0*197 

0.78*90 

40 

3.7570"- 

02 

8.64  86*400 

0.65735 

0.98460 

1.1*865 

1  .05991 

0.85129 

0.57000 

41 

3.9490*- 

02 

1.0999*401 

0.  358  22 

0.93461 

1.30369 

1.11627 

0.73314 

0.  5*5*3 

12E-12 


K401-C-* 


34010411  TAYLOR  PROFILE  TABULATION  51  POINTS,  OELT A  AT  POINT  41 


I 

r 

PT  2/P 

P/P  D 

TO /TO  3 

M/NO 

u/uo 

T/TD 

R/RD*U/UO 

1 

0.000G**00 

1. oooo*+oc 

1.01092 

1.03996 

0.00000 

0.00000 

1.99516 

0.00000 

2 

1.8000--04 

1. 6080*^00 

0.99535 

1.03002 

0.33791 

0.52252 

1.72531 

0.30145 

3 

4. 4460"- 04 

1 . 66  90"*0  0 

0.995  35 

1 .02929 

0.41423 

0.54102 

1.70583 

0.31568 

4 

6.1 930"-04 

1.9773*+00 

0.995  35 

1.02944 

0.48390 

0.61693 

1.62539 

0.37779 

5 

7.1900--04 

2.2198"*00 

0.  99535 

1.02937 

0.52870 

0.66266 

1.57095 

9.41936 

6 

8.1640"-04 

2. 4397*400 

0.99232 

1.02835 

0.56510 

0.69795 

1.52546 

0.45430 

7 

9. 8700"- 04 

2.7104*400 

0.99505 

1.02895 

0.60616 

0.73  64  1 

1.47593 

0.496*7 

3 

1.2330--03 

2.9081*400 

0.  99  5  65 

1.02833 

0.63416 

0.76138 

1.44146 

0.52590 

9 

1.4750--03 

3. 0914*400 

0.99393 

1.02835 

0.65839 

0.73271 

1.41115 

0.55124 

10 

1.6390--03 

3. 1555-+0Q 

0.99252 

1.02841 

0.66729 

0.73963 

1.40029 

0.55969 

u 

1 .8100«-03 

3. 2205 "+Q0 

0.  99C  3C 

2.02757 

0.67549 

0.79632 

1.30895 

0.56776 

12 

1.9810--03 

3.2716-+00 

0.937  97 

1.02769 

0.68222 

0.80177 

1.39118 

0.57351 

13 

2.3160--03 

3.3906"*00 

0.98504 

1.02703 

0.69715 

0.81368 

1 .36224 

0.53838 

14 

2 • 6490  *-03 

3. 44  36"+ 00 

0.98342 

1  .02668 

0.70369 

0.81879 

1. 35390 

0.59474 

15 

3.0620--03 

3. 5240*400 

0.90514 

1.02650 

0.71349 

0.92651 

1.34190 

0.60677 

16 

3.4660"-03 

3.5940*400 

0.938  58 

1  .02535 

0.72139 

0.83262 

1.33036 

0.61872 

17 

3 ,8780"-03 

3.6057*400 

C.  989  39 

1.02546 

0.72329 

0.83377 

1.32884 

9.621X0 

18 

4 . 2  870--0  3 

3.6648*400 

0.9S757 

1.0241? 

0.73028 

0 .83365 

1.31878 

0.62802 

19 

4.7680"-03 

3. 7204*400 

0.984  84 

1.02353 

0.73682 

0.94341 

1.31027 

0.63  393 

20 

5. 18T0"-03 

3.7767*400 

0.93C49 

1.023:4 

0.74335 

0.84818 

1.30193 

0.63877 

21 

5 . 6590*- 03 

3.8334*400 

0.97756 

1.02294 

0.74938 

0.95306 

1.29410 

0.64439 

22 

6.0750*-03 

3.  3334*400 

0.97503 

1.02239 

0-749  33 

0.95283 

1.29342 

0.64290 

23 

7 . 0  570 0  3 

3.9651*400 

0.97190 

1.02060 

0.76432 

0.96316 

1.27369 

0.65857 

24 

7.8600 "-03 

4.0936*400 

0.  970  4  8 

1.01964 

0.77975 

0.87360 

1.26520 

0.67544 

25 

8. 76 1C "-03 

4.1422*400 

0.  97109 

1.01899 

0 . 78441 

0.97666 

1.24903 

0.68158 

26 

9.6580  *-03 

4.2803*400 

0.  971  29 

1.01769 

0.79935 

0.83664 

1.23035 

C. 69996 

27 

1.0550--02 

4.3768*400 

0.973  21 

1.01593 

0.80961 

0.89300 

1.21660 

0.71435 

29 

1.1 52C"-02 

4.5556*400 

0.97412 

1.01496 

0. 82923 

0.90  52  5 

1.19451 

0. 73824 

29 

1  •  2  500  ■- 02 

4.7202*400 

0.975  64 

1.0134  3 

0.84508 

0.91569 

1.17410 

0.75091 

30 

1.3380--02 

4.8178*430 

0.97665 

1.012*0 

0.85483 

0.92159 

1.16217 

0.77447 

31 

1.4280»-02 

5.05 00*400 

0.977  96 

2  •  0 1 1 9 

0. 37774 

0.93578 

1.13661 

0. 80516 

32 

1  •  50  30  "-02 

5.1905*400 

0.  97918 

1.01029 

0. 99127 

0.94349 

1.12061 

0.82441 

33 

1 • 6000 "-02 

5.4328*400 

G.93C  79 

1.00925 

0.91414 

0.05677 

1.09544 

0.85663 

34 

1.6900"- 02 

5.5437 "400 

0.  982  51 

1.0C754 

0.92441 

0.96199 

1.08297 

0.87276 

35 

i.7780"-02 

5.7583*400 

0.  93453 

1.00676 

0.94400 

0.97239 

1.06211 

0.90182 

36 

1 . 3760 "-02 

5.9417*400 

0.98706 

1.00569 

0.96034 

0.98150 

1.04457 

0.92747 

37 

1  .9660"-02 

6. 02 11 *400 

0.99C20 

1.00431 

0.96734 

0.93460 

1.03619 

0.94099 

38 

2 .0  55Q"-02 

6.2085*400 

0.99323 

1.00296 

0.99367 

0.99285 

1.01876 

0.96797 

39 

2.1 36Q--02 

6.2464*400 

0.99596 

1.00219 

0.98693 

0.99421 

1.01481 

0.97575 

40 

2 . 2180*-02 

6.3608*400 

0. 99808 

1.00114 

0.99673 

0.99886 

1.00428 

0.99270 

0  -1 

2.3040"-0 2 

6 • 3991 "♦00 

1.00000 

1.00090 

1.00000 

1.00000 

1.00000 

1.90000 

42 

2 .3930"-02 

6.4818*400 

0.99990 

0.99842 

1.00700 

1.00294 

0.99175 

1. Ol  108 

43 

2.581Q--02 

6.  5206*+00 

l.OOC  31 

0.99593 

1.01027 

1.00329 

0.98624 

1.0181  l 

44 

2 . 761 0"-02 

6. 5206*400 

1.00C51 

0.99373 

1.01027 

1 .00216 

0.9  8401 

1.01896 

45 

2.9470*-O2 

6.  5206*400 

1.00121 

0.99103 

1.01027 

1.00079 

0.98134 

1.02107 

46 

3 . 1 280 *-02 

6. 4818*400 

l.OOC  91 

0.99053 

1.00700 

0.99086 

0.98391 

1.01613 

47 

3.3220--02 

6.44  32*400 

1.00293 

0.99043 

1.00373 

0.99716 

0.98695 

1.01331 

48 

3.5070"-02 

6.3225*400 

1.00960 

0.99072 

0.99347 

0.99194 

0.99694 

1.00455 

49 

3.7000"-02 

6. 2085*400 

1.01799 

0.99062 

0.93367 

0.98672 

1.00622 

0.99827 

50 

3.8850--02 

6.1331*400 

1.0230S 

0.99032 

0.97713 

0.98309 

1.01223 

0.99360 

51 

4 .0  71 0"-02 

6.1331*400 

2.030 13 

0.99032 

0.97713 

0.99309 

1.01223 

1.00047 

8402'A-l 


12F-1 


M(inf):  2.25  upstream 
R  Theta  x  10_s:  7 
TW/TR:  Appr.  1 


8402 

CCF 


Ejector-driven  blow  down  tunnel  with  symmetrical  contoured  nozzle.  Running  time: 
90  secs.  W  s  H  a  0.15  i.  L  =  0.495  m. 

P0:  90kN/na .  TO:  300  R.  Air.  Re/m  x  10"*:  11. 

ARDONCBAU  P. L. ,  1984.  The  structure  of  turbulence  in  a  supersonic  shock-wave/ 
boundary- layer  interaction.  AIAA  J  22  1254-1262. 

And:  Ardonceau  (1981),  Data  tables,  P. L. Ardonceau,  private  communication. 


1  The  test  boundary  layer  developed  under  ZFG  conditions  on  the  tunnel  floor  before 
encountering  an  abrupt  change  in  direction  at  the  compression  corner  (X  ~  0)  a  distance 

4  219  ma  from  the  exit  of  the  nozzle,  and  546  m  from  the  throat.  The  compression  ramps  ran 
the  full  width  of  the  tunnel  at  angles  of  8,  13  &  18  degrees  to  the  tunnel  floor.  The 
ramps  extended  for  80  mm  downstream.  The  18°  ramp  had  to  be  cut  off  parallel  to  the  tunnel 

3  floor  from  60  mi  on  to  prevent  blockage.  "The  undisturbed  boundary  layer  was  found  to  be 

6  fully  turbulent  -  without  any  tripping”.  Wall  pressure  was  found  on  lines  2  am  either 

side  of  the  centreline  at  2.33  am  axial  spacing  with  tappings  0.5  am  in  dia. .  ” - 

spanwise  pressure  measurements  and  surface  flow  visualisations  revealed  good  transverse 

5  uniformity  over  a  90  am  centre  part  of  the  flow  free  from  perturbations”.  Schlieren 
observations  on  high  speed  film  suggested  that  there  were  periodic  structures  present  of 

2  large  lateral  extent,  which  imply  an  associated  unsteadiness  in  the  position  of  mean  flow 
features. 

7  Pressure  profiles  were  measured  with  a  FPP  (shank  dia.  1.0  mm,  flattened)  and  a  static 
probe  (CCP,  d  =  1.0  am,  4  static  holes  12  d  from  nose).  A  HWP  (DISA  55P11),  operated  in 
the  constant  temperature  mode,  was  used  to  find  the  mass-flow  fluctuation  intensity.  The 
length  of  all  probes  between  the  sensing  wire  or  orifice  and  the  mounting  to  the  traverse 
gear  was  45  mi.  A  single  beam  LDV,  measurement  volume  diameter  600  /i,  was  used  in  the 
forward  scatter  mode  with  six  orientations  to  pick  up,  with  a  statistical  fit,  the  velocity 
fluctuations  in  the  streamwise  and  the  vertical  directions.  Mean  velocities  were  also 
recorded.  The  flow  was  seeded  with  a  range  of  1-3  p  particles  by  a  DOP  (Dioctylpthalate) 
generator,  to  give  about  3000  records/second.  Data  points  were  based  on  1000  instantaneous 
frequency  readings  clipped  at  the  3  a  point. 

8  The  X-coordinate  is  measured  in  the  direction  of  the  tunnel  axis.  Profiles  were  measured 
normal  to  the  axis  in  the  range  -0.02  <  X  <  0.06  m,  with  NX  =  7,  8  &  8  for  the  pressure 
and  hot-wire  profiles.  For  series  01  &  02,  these  are  matched  by  LDV  profiles.  For  series 
03,  9  sets  of  LDV  data  were  supplied,  of  which  7  match  the  pressure  profiles.  The  pressure 
probes  were  aligned  with  the  local  wall  direction. 

9  In  reducing  the  Pitot  data  the  author  assumed  constant  total  temperature.  To  obtain 
functionally  complete  profiles  from  the  data  supplied,  we  have  used  the  Mach  number,  the 

12  velocity  and  the  specific  mass-flow  values  from  the  Pitot-static  surveys,  as  forming  a 
self-consistent  set,  in  principle  representing  the  resultant  velocity  parallel  to  the 
wall.  We  do  not  have  the  original  wall  pressure  data,  and  have  used  values  derived  from 
the  profile  data  adjacent  to  the  wall.  The  author  notes  that  ”  -  -  the  inclination  of  the 
isobars  is  small  near  the  wall  -  -  In  processing  the  LDV  data  for  series  03,  we  have 
set  the  author’s  scaling  velocity  UI  equal  to  the  upstream  velocity  reported  in  the  Pitot 
measurements  for  profile  0301. 

13  We  present  three  sets  of  profiles  measured  in  turbulent  boundary  layers  experiencing  a 
shock-wave  structure  caused  by  a  compression  corner.  Series  .01  is  wholly  attached,  series 
02  is  on  the  point  of  separation,  while  series  03  has  a  small  separation  region  in  the 
corner.  The  profiles  cover  the  flow  from  upstream  of  the  corner  to  about  8  undisturbed 
boundary  layer  thicknesses  downstream. 

8  DATA:  84020101-0308.  Pitot  and  static,  normal  hot-wire  profiles,  NX  7  or  8.  Single  element 
LDV  profiles  reduced  to  give  both  components  of  velocity  and  fluctuation  intensity.  Not 
all  at  same  values  of  X. 
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This  is  a  such  quoted  experiment,  surprisingly  sketchily  reported  in  detail.  The  published 
paper  is  written  round  the  18*  case,  with  separation  largely  ignored.  It  is  for  this  case 
that  we  have  the  LDV  data  separately  and  normalised  to  an  unknown  velocity.  The  combination 
of  conventional  profiles,  HWP,  LDV  is  attractive,  and  it  is  a  pity  that  we  have  not  been 
able  to  make  more  of  it.  In  this  experiment  there  would  be  significant  normal  pressure 
gradients,  and  the  functionally  incomplete  LDV  data  is  backed  up  by  static  pressure 
information  so  that  in  principle  there  is  no  problem. 

The  author  remarks  that  "the  laser  gives  higher  velocities  than  the  Pitot  tube”,  which 
may  be  the  case  for  the  profiles  cited  in  the  source  paper,  for  the  18®  CCF.  We  do  not 
have  data  for  this  series  in  a  form  allowing  direct  comparison.  For  the  other  two  series, 
we  find  that  in  general  the  laser  velocities,  as  shown  above  in  figure  9,2.1,  are  about 
3*  lower  than  those  derived  from  the  Pitot  profiles. 

The  LDV  profiles,  and  therefore  the  associated  probe  traverses,  were  made  normal  to  the 
tunnel  axis  and  so  are  inclined  to  the  teat  surface  downstream  of  the  corner.  The  fluctuation 
measurements  do  not  therefore  relate  directly  to  Reynolds  stresses  in  the  usual  boundary 
layer  axes.  Unfortunately,  the  correlation  for  u’ v'  is  only  given  for  series  03,  as  it  is 
required  when  rotating  the  atress  tensor.  It  is  probably  reasonable  to  ignore  the  rotation 
for  series  01,  the  8"  case,  but  less  so  for  series  02  at  13®.  For  the  18®  case  at  least 
there  may  be  inaccuracies  in  the  mean  flow  data  resulting  from  static  probe  misalignment 
in  the  same  way  as  for  CAT7904. 

The  shocks  do  not  appear  "sharp"  in  the  pressure  record,  suggesting  either  an  influence 
of  shock  oscillation  or  of  the  response  of  probes  adjacent  to  shock  waves.  The  author 
remarks  on  the  images  of  "macrostructures"  which  can  be  seen  in  ultra  high  speed  film, 
principally  as  evidence  of  their  ability  to  traverse  the  discontinuity,  and  these  would 
cause  some  degree  of  fluctuation.  The  mechanism  of  relatively  large  scale  shock  movement 
and  intermittent  separation  discussed  in  chapter  8  and  9.3.1  will  also  come  into  play. 

There  are  relatively  few  points  in  each  profile  and  in  most  cases  the  measurements  do  not 
extend  within  the  momentum  deficit  peak.  It  is  for  this  reason  rather  than  because  of  low 
Reynolds-number  effects  that  the  upstream  H12K  value  is  on  the  high  side. 

The  mean  profiles  are  shown  in  figures  10.3.3-5,  and  the  turbulence  data  in  figures 
11.2.20-22,  11.3.6.  For  this  purpose  a  CF  value  was  derived  from  the  Fernholz  (1971)  skin 
friction  correlation  for  zero  pressure  gradient  (fig.  10.3.6). 
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1.5070140 

8.5688E-1 

1 . 3158E+1 

7.7836E-3 

1 . 2098E-3 

9 

5. 5000E-3 

1.5690140 

I.1341E-1 

1.3485E*1 

5.9000E-3 

10 

6.0000E-3 

1.6280E+0 

I.3333E-1 

1 . 4282E*1 

4.2533E-3 

8.9349E-4 

11 

6.5000E-3 

1.6790E40 

8.4964E-1 

1 .17921*1 

2.8949E-3 

12 

7.0000E-3 

1.72K0B40 

I.6594E-1 

1 . 1648E+1 

1.79701-3 

13 

7.SOOOB-3 

1.7760B40 

I.8043E-1 

9.7424E+0 

9.4846E-4 

14 

8.0000B-3 

1.8230E40 

I.9312E-1 

1.13021*1 

3.7574E-4 

2.6583E-4 

15 

8.5000B-3 

1.8370140 

8.9855E-1 

5.50361*0 

3. 2166E-4 

16 

9.0000E-3 

1.8520140 

9 . 0036E-1 

6.49741*0 

2.6583E-4 

D  17 

9 . 5000E- J 

I.8670E40 

9.05101-1 

5. 3529E*0 

2.2067E-4 

18 

1. OOOOE-2 

1.88201*0 

9.0)421-1 

4.7076E*0 

1.7489E-4 

1 . 1424E-4 

19 

1.1000E-2 

1 . 8480E+0 

9. 1123E-1 

1.66901*0 

1.74891-4 

20 

1 . 2000E-2 

1 . 8940E*0 

9.1304E-1 

1.0476E*0 

1.7489E-4 

1.0663E-4 

21 

1 . 30001-2 

1 .89401*0 

9. 1123E-1 

1.34501*0 

1.2212E-4 

22 

1.40001-2 

1.19401*0 

9.11231-1 

1.01951*0 

1. 20471-5 

6.6458E-5 

23 

1.5000E-2 

1.89501*0 

9.11231-1 

1.14241*0 

8.2047E-5 

12F-6 
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84020303  Ardonceau 


Turbulence  Date 


X 

— 4.00001-03 

i  R80_R  « 

1 . 8535E-01 

U_R  -  5. 

5  300E+02 

I 

Y 

H 

U 

(RU)  ’ 

U'2 

V  2 

UR 

RR  UR 

UR2 

UR  2 

1 

1.0000E-3 

2. 6200E-1 

1.6456E-1 

-3.1483E+0 

2.5373E-2 

1 . 9430E-3 

2 

2. 0000E-3 

2.3000E-1 

1.4467E-1 

3 . 5102E+0 

2.7656E-2 

2.2170E-3 

3 

3.0000E-3 

5. 3100B-1 

3.2731E-1 

6 . 3939E+0 

2.9005E-2 

2 . 4097E-3 

4 

4. OOOOE-3 

8 . 3500E-1 

4.9548E-1 

9.0972E+0 

2 . 3188E-2 

2.2170E-3 

5 

5.0000E-3 

1.0700E+0 

6 . 1302E-1 

1 . 1354E+1 

1.S432E-2 

1.9430E-3 

6 

6. 0000E-3 

1 . 24S0E+0 

6.9078E-1 

1.7123E+1 

8 . 8680E-3 

1.6871E-3 

7 

7. 0000E-3 

1.4500E+0 

7.7215E-1 

1 . 4894E+1 

4.2403E-3 

1.3007E-3 

8 

8. OOOOE-3 

1 . 6340E+0 

8.372SE-1 

1 . 3207E+1 

3.1474E-3 

1. 1602E-3 

9 

9. OOOOE-3 

1.7370E+0 

8.6980E-1 

1 « 2612E+1 

9.6448E-4 

1.0277E-3 

10 

1.0000E-2 

1.8360E+0 

9.0054E-1 

7. 4663E+0 

1.3007E-3 

7. 8684E-4 

11 

1 . 1000E-2 

1.9190E+0 

9 . 2405E-1 

7 . 2295E+0 

9.6448E-4 

7 . 3164E-4 

D  12 

1 . 2000E-2 

2 . 0100E+0 

9.4937E-1 

1 . 1794E+1 

6 . 2726E-4 

7.3164E-4 

13 

1.3000E-2 

2.0350B+0 

7.7777E+7 

7. 7777E+7 

2.2581E-4 

7.3164E-4 

14 

1 . 4000E-2 

2.0650E+0 

7.7777E+7 

7 . 7777E+7 

4.4260E-4 

3 . 6231E-4 

84020305 

Ardonceau 

Turbulence  Data 

X  -  1.2000E-02 

RHOJI  »  1 . 8535E-01 

U_R  *  5.5300E+02 

1 

Y 

M 

U 

(RU)  * 

U'2 

V  2 

UR 

RR  UR 

UR2 

UR2 

1 

1. 0000E-3 

3 . 1900E-1 

2.0072E-1 

5 . 6423E+0 

2.0237E-2 

6.5848E-3 

2 

2. OOOOE-3 

4.0600E-1 

2 . 5316E-1 

6.4615E+0 

2.4738E-2 

7 . 9497E-3 

3 

3 .0000E-3 

5.5900E-1 

3 . 4358E-1 

8.0585E+0 

2.7324E-2 

8.4946E-3 

4 

4. 0000E-3 

7.71002-1 

4 -6293E-1 

9.9580E+0 

2.5054E-2 

6.4232E-3 

5 

5. OOOOE-3 

l.OOjuE+O 

5.8228E-1 

1 . 3496E+1 

1.9953E-2 

5 . 3483E-3 

6 

6. 0000E-3 

1.1690E+0 

6 . 5823E-1 

1 . 8428E+1 

1.4212E-2 

4.5052E-3 

7 

7. 0000E-3 

1 . 3170E+0 

7.2152E-1 

2.1737E+1 

6 . 5848E-3 

2.8192E-3 

8 

8. OOOOE-3 

1.4480E+0 

7.7215E-1 

2.0098E+1 

3.4936E-3 

2.1237E-3 

9 

9. 0000E-3 

1 . 5690E+0 

8.1555E-1 

1 .5326E+1 

9.0326E-4 

9.6448E-4 

10 

1.0000E-2 

1.6830E+0 

8.5353E-1 

1 . 1809E+1 

3.6231E-4 

7 . 3164E-4 

11 

1.1000E-2 

1 . 7050E+0 

8. 6076E-1 

5.6266E+0 

4.4260E-4 

7 . 3164E-4 

D  12 

1.2000E-2 

1.7270E+0 

8.6618E-1 

3.5108E+0 

3.6231E-4 

6.2726E-4 

13 

1 . 3000E-2 

1 . 7380E+0 

8.6980E-1 

2 . 7622E+0 

1.9671E-4 

5. 3091E-4 

14 

1.4000E-2 

1.7490E+0 

8.7342E-1 

2 . 8453E+0 

1.9671E-4 

5.3091E-4 

84020307 

Ardonceau 

Turbulence  Data 

X  =  3. 6000E-02 

RH0_R  «  1.8535E-01 

U_R  •  5.5300E+02 

I 

Y 

M 

U 

(RU)  ' 

U'2 

V'2 

UR 

RR  UR 

UR  2 

UR2 

1 

1. OOOOE-3 

5.7800E-1 

3. 5443E-1 

6.13208*0 

1.9391E-2 

3.8579E-3 

2 

2. 0000E-3 

6.6100E-1 

4.0325E-1 

7. 3373E+0 

2.0811E-2 

6.1060E-3 

3 

3. 0000E-3 

7.7800E-1 

4.66558-1 

9 . 6961E+0 

2.0811E-2 

5.9505B-3 

4 

4. 0000E-3 

9.0800E-1 

5.3526E-1 

1.0408E+1 

1.9391E-2 

6 . 1060B-3 

5 

5. 0000E-3 

1.0350E+0 

5.96758-1 

1 .6109E+1 

1.4938E-2 

3 . 3762E-3 

6 

6. 0000E-3 

1 . 1400E+0 

6.4557E-1 

2.0746E+1 

9.83658-3 

1.6058E-3 

7 

7. 0000E-3 

1 .2780E+0 

7.0524E-1 

2.2476B+1 

6.58488-3 

1 . 3007E-3 

8 

8. OOOOE-3 

1.4000E+0 

7.5407E-1 

2.59848*1 

2.61048-3 

1.0929E-3 

9 

9. 0000E-3 

1 . 4860E+0 

7.86628-1 

2.1543E+1 

1.2294E-3 

1.0277E-3 

10 

1.0000E-2 

1.5690E+0 

8.15558-1 

1.6381E+1 

5.3091E-4 

6 . 7845E-4 

D  11 

1.1000E-2 

1 . 5870E+0 

8.2278E-1 

1 . 4637E+1 

2. 5693E-4 

4.8575E-4 

12 

1 , 2000E-2 

1. 60508*0 

8 . 282  IS— 1 

6.5518E+0 

1.69618-4 

3 . 623  IE— 4 

13 

1 .3000E-2 

1.59508*0 

8.24598-1 

7 . 28441*0 

3.2517E-4 

4.8575E-4 

14 

1 . 4000E-2 

1.5850E+0 

8.20988-1 

2.0246E+0 

3.6231E-4 

4.42608-4 

-U'V' 

UR2 

1. 2679E-  3 
;  .0437E-3 
. . 8058E-3 
. 2977E-3 
, . 2430E-3 
. 5394E-3 
.4467E-3 
. 3682E-3 
..0115E-3 
I.002ZE-4 
> . 8214E-4 

k.  5592E-4 

l. 9427E-4 
.6138E-4 


-U'V' 

UR  2 

.6419E-3 
.  9988E-3 
1.1381E-2 
.4995E-3 
. 0246E-3 
. 1614E-3 
2.9169E-3 
2. 1300E-3 
S.4695E-4 
3.0634E-4 
3.4143E-4 
3 . 6803E-4 
2.0424E-4 
2.3042E-4 


-U’V 
UR  2 


4.8003E-3 
6.1549E-3 
5 .6086E-3 
5.7562E-3 
2.6986E-3 
4.8884E-4 
9.0723E-4 
4.4592E-4 
4.462SE-4 
2.1126E-4 
7.3481E-5 
6.2221E-5 
1.7886E-4 
2 . 3426E-4 
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M:  (peak  value)  0.9  to  1.82 
R  Theta  *  10”*:  16  upstreaa 
W/TR:  Appr.  1 


8501 


1 20- 1 
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QNS 


Blowdown  tunnel  with  syMetrical  convergent  nozzle.  Running  time:  30  secs. 
W  =  0.114,  H  =  0.063,  L  =  1.4  ■. 

PO:  160  kN/m2.  TO:  290  K.  Air.  Re/a  x  10”*:  20. 


LIU  X. (  SQUIRE  L.C. ,  1988.  An  investigation  of  shock/  boundary  layer  interactions 
on  curved  surfaces  at  transonic  speeds.  J.  Fluid  Mech.  187  467-486. 

And:  Liu  (1985),  Liu  &  Squire  (1986).  L.C.  Squire,  private  coMBuni cat ions  and  data 
tables. 


1  The  test  boundary  layers  were  foraed  on  the  floor  and  ceiling  of  the  wind  tunnel.  Five 
circular  arc  aodels  of  chord  8C  mm  could  be  aounted  in  the  tunnel  floor  to  fora  "bumps" 
with  radii  of  401,  268,  163,  104  or  73  wm.  The  origin  X  =  0  is  set  at  aid  chord,  the 
aaxiaua  height  of  the  buap,  708  aa  downstreaa  of  the  start  of  the  flat  part  of  tbe  floor. 
The  back  pressure  of  the  aean  flow  was  controlled  by  a  second  throat  foraed  by  an 
adjustable  incidence  aerofoil,  and  the  authors  specify  a  configuration  by  the  buap  radius 

3  and  the  aerofoil  incidence.  Transition  was  natural,  and  the  tunnel  floor  was  set  to  diverge 
at  0.3*  to  counter  boundary  layer  growth.  The  flow  approaching  the  test  area  is  subsonic, 

2  so  there  are  no  incoaing  standing  waves.  The  flow  accelerates  over  the  buap  and  at 
sufficiently  low  back  pressure  it  is  retardea  by  a  shock  wave,  the  X-positions  of  the 
peak  Mach  nuaber,  as  indicated  by  the  wall-pressure  ainiaua,  separation  and  reattachaent 
being  as  below: 


Series 

M(Peak) 

Separation 

Reattachaent 

OX  X(«a.) 

21 

23 

62 

02 

39 

45 

90 

03 

15 

18 

56 

04 

27 

— 

— 

06 

9 

30 

46 

06 

3 

— 

— 

These  being  for  a  buap  radius  of  163  am  and  incidences  of  8.75,  9  and  9.5  degrees,  odd 

2  nuabers  on  the  floor,  even  numbers  on  the  flat  roof.  No  oscillation  of  the  shock  could  be 
detected  in  schlieren  studies,  though  there  were  small  movements  of  the  interaction  foot 
on  the  flat  upper  surface  for  incoaing  Mach  nuabers  close  to  one.  The  test  zone  extended 

5  over  the  range  -60  <  X  <  215  aa.  Three-dimensional  effects  were  assessed  in  the  light  of 
the  results  of  surface  oil-flow  patterns,  interferograas,  pressure  distributions  on  and 
off  the  centreline  and  a  aoaentua  balance  based  on  profile  measurements  on  the  centreline. 
(See  15  below.) 

6  The  wall  pressure  was  measured  in  great  detail  from  a  point  well  upstream  of  the  buap  to 
X  =  132  m,  at  45  stations  along  the  centreline  in  the  range  -60  <  X  <  132  m,  for  both 
the  floor-with-buap  and  the  flat  ceiling,  for  the  greater  part  at  3  am  intervals. "Only  a 
few  measurements  of  pressure  distributions  off  the  centreline  were  obtained  -  -." 

7  Pitot  profiles  were  measured  with  a  single  FPP  (h,  =  0.18  aa).  A  survey  of  the  entire 
density  field  was  also  obtained  froa  laser  holographic  interferometry,  supported  by 

8  schlieren  photographs.  Profiles  were,  in  general,  measured  upstreaa  of  the  interaction 
and  in  the  recovery  region  downstream.  In  several  cases,  some  were  downstreaa  of  the 
region  covered  by  wall-pressure  aeasureaents  (X  >  132  m).  There  are  no  profiles  in  the 
separated  zone,  but  0204,  0303,  0403,  0502  and  possibly  0602  appear  to  be  in  the  zone  of 
upstreaa  influence,  being  close  behind  M(peak). 

9  The  authors  have  set  the  static  pressure  equal  to  the  wall  pressure  and  assumed 

12  isoenergetic/Crocco  total  temperature  profiles.  The  editors  have  chosen  to  present  six 
series  of  profiles  drawn  froa  three  configurations  using  the  saae  "bump",  with  radius 
14  163  ms.  These  configurations  provided  the  longest  sequences  of  profiles.  The  wall  pressures 

for  these  profiles  are  given  in  Section  D.  The  editors  have  set  the  wall-pressure  values 


in  the  profile  tables  at  the  profile  value  closest  to  the  wall.  These  differ  slightly 
from  the  pressure  values  in  the  wall  tables.  There  is  a  slight  scatter  in  the  profile 
pressure  values  os  a  result  of  rounding  errors  in  the  data  as  received.  The  wall  temperature 
has  been  set  at  290  K  as  representative  of  the  values  recorded  in  the  wall-pressure  runs. 

No  value  is  given  in  association  with  the  profiles. 

The  original  data  include  profiles  for  a  further  ten  configurations  (20  series,  103 
profiles)  and  information  of  some  sort  for  68  configurations,  53  of  which  have  wall 
pressure  surveys  and  holograms.  The  editors  have  accepted  the  authors'  assumptions  and 
data  reduction  procedures. 

S  DATA:  CAT8404  0101-0606.  Pitot  profiles,  NX  up  to  9.  Wall  pressures,  NX  =  45.  Support 
from  holographic  interferometry. 

15  Editors'  comments: 

The  experiments  as  a  whole  cover  a  wide  range  of  quasi-normal  shock/boundary^- layer 
interactions  on  surfaces  with  systematically  varied  radius  of  curvature,  and  over  a 
substantial  range  of  Mach  nurter.  This  is  exploited  in  an  account  of  the  influence  of 
wall  curvature  on  the  type  of  separation  which  occurs  (source  paper  fig. 14).  The  series 
presented  here  are  those  for  the  bump  of  163  b  radius  with  second  throat  settings  of 
8.75,  9.0  and  9.5  degrees.  Series  01,  02  and  03  are  on  the  floor,  with  the  bump,  while 
series  02,04  and  06  are  on  the  flat  ceiling.  Bach  has  at  least  one  profile  upstream  of 
the  interaction  and  several  downs Li eum.  A  calculation  of  the  boundary  layer  development 
using  the  given  wall  pressure  distribution  will  probably  require  a  model  of  the  shock 
structure,  which  would  be  much  assisted  by  access  to  the  holograms  in  the  data  report. 
Comparisons  may  be  made  with  the  studies  by  Delery  et  al. ,  reported  as  CAT8002/3T  above. 

The  profiles  are  given  in  relatively  fine  detail,  but,  upstream,  where  they  have  strongly 
accelerated  characteristics,  do  not  approach  the  wall  within  the  momentum  deficit  peak. 

For  the  greater  part,  they  should  not  be  severely  affected  by  normal  pressure  gradients, 
but,  by  analogy  with  the  QNS  flows  in  CAT8002/3T,  we  would  expect  significant  effects 
where  the  profile  is  close  to  the  interaction.  We  do  not  find  fictitious  P0  variations 
here  of  the  type  observed  for  the  ONERA  data  (80030102  -  7,  0204  -  5,  0302  -  5)  because 
in  this  case  the  velocity  has  been  deduced  assuming  P  constant,  as  opposed  to  calculating 
P0  from  measured  velocities.  We  cannot  therefore  attempt  any  quantitative  estimate.  The 
profiles  most  likely  to  be  affected  are  0204,  0303,  0403,  and  0502.  Integral  values  for 
these  profiles  should  be  viewed  with  suspicion.  Additionally,  profiles  taken  just  ahead 
of  a  shock  are  likely  to  suffer  from  probe-shock  interactions.  These  may  affect  0103, 

0204,  0302,  0403  and  0502  over  at  least  a  part  of  their  traverse. 

A  QNS  flow  of  this  nature  is  very  susceptible  to  three-dimensional  effects,  particularly 
in  separated  cases,  and  we  consider  that  it  should  only  be  considered  as  two-dimensional 
in  the  restricted  sense  implied  by  §  9.3.2  above.  The  authors'  ccnent  on  their  assessment 
is:  M  Taken  together,  these  results  suggest  that  for  attached  flows  and  for  flows  with 
small  regions  of  separation,  measurements  along  the  tunnel  centreline  are  representative 
of  two-dimensional  flow  over  the  bump  surfaces.  However,  in  flows  with  larger  regions  of 
separation,  the  flow  in  the  separation  region  is  clearly  affected  by  the  presence  of  the 
walls  and  in  particular  by  the  shock  interaction  with  the  boundary  layers  on  the  side 
walls.  Even  in  these  cases  the  measured  boundary  layer  development  well  down  of  reattachment 
satisfies  the  two-dimensional  momentum  integral  equation”.  Reference  is  made  to  measured 
skin  friction  in  this  connection,  and  values  are  presented  in  figure  18  of  the  source 
paper.  The  values  shown  by  open  circles  are  for  series  03  as  presented  here,  and  are  the 
values  also  shown  in  the  1985  paper  (fig*  10).  These  are  based  ”on  a  fair  fit  to  the  law 

of  the  wall”.  Figure  (10.4.6)  shows  these  profiles  in  wall  law  coordinates,  using  the  CF 

values  of  the  source  paper.  We  do  not  feel  that  the  fit  is  good  enough  to  justify 

presenting  CF  values  as  data,  and  in  corr*  ience  the  second  author  has  stated  "My  own 

view  about  the  boundary^- layer  profiles  is  ..nat  they  provide  valuable  data  on  boundary 
layers  through  complicated  interactions,  bin  } -\t  we  do  not  have  reliable  skin-friction 
coefficients  to  go  with  them". 
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2.0361*602 

2.  *  563  04 

hi 

0.0396 

2.5300--04 

3.7560*602 

2.8324*602 

8  501010  3 

1.3230 

1.0313 

4.2199*603 

3. 1 11 3"  -0  3 

1.9733 

1.2677 

5.0930*604 

5.0939*604 

1.8000*-02 

1.4562*605 

1.0000 

S. 3890*603 

NN 

1.8977 

1.8937 

2.9000*602 

2.1  394*602 

INFINITE 

2.8886**02 

i.94l4-*02 

2.  3648 "-04 

NN 

0.0313 

2.5131--04 

3.8800*602 

2.8107*602 

85010104 

0.8110 

1.0100 

2.7946*604 

1.8733--03 

1.7238 

1.4439 

9.3519*604 

9.3519*604 

1.1400--01 

1. **13*605 

1.0000 

3. 0749*604 

N“ 

1.7209 

1.7189 

2.9000*602 

2.5685*602 

INFINITE 

2.906***02 

8.0659*601 

1.5256  *-03 

NN 

0.0227 

1.6091--03 

2.6060*602 

2.8712*602 

85010105 

0.80*0 

1.0068 

2.  *6  95*604 

2.4337--0J 

1.5621 

1.2978 

9.4434  *60  4 

9.4*3  **60* 

1. 6420--01 

1 .4452*605 

1.0000 

2.9255*604 

NN 

1.7946 

1.7933 

2.9000*602 

2.5315**02 

INFINITE 

2 .91 52"*02 

1.0399*632 

1.4595*— 03 

NN 

0.0146 

1 . 5209*-0  3 

2. 5900*602 

2.8805*602 

85010106 

0.80*0 

1.0091 

2.6313*604 

2.  5761 *-0  3 

1.5042 

1.2*91 

9.4437-604 

9.4437**04 

2*1 460--01 

1  .**53"*05 

1.0000 

2. 9439*604 

Ni 

1.92*4 

1.8232 

2. 9000*602 

2-5755*602 

INFINITE 

2  «9085"*02 

1.1008-6J2 

1.4642"-03 

Hi 

0.0149 

1. Sl?l*-03 

2. 5870*602 

2.8733*602 

85010201 

0.9360 

1.0137 

4.6869*603 

3.3800--03 

1.5739 

1.2288 

8.3709*604 

8.3709*604 

0.  0009**00 

I.*730*-05 

1.0000 

7.  585  4 "603 

NN 

1.8881 

1.8871 

2.9000*602 

2.4727**02 

infinite 

2.9060**02 

1.7351*632 

3.4672--04 

NN 

0.0174 

3. 5836--04 

2.9510*602 

2.0609**02 

85010202 

1.02*0 

1.0176 

4.7297-603 

3.3612"-03 

1.6372 

1.2215 

7.  70  8  j" 604 

7. 7081**04 

1.2000--02 

1.5009** 05 

1.0000 

7.  8230-603 

NN 

1.8961 

1 . 9930 

2.9000*602 

2.3  >90**02 

INF  IN  IT  € 

2. 9021 "♦ 02 

1. 9018**02 

3.  41 1 7  *—04 

NN 

0.0096 

3. 56J1--D4 

3.1 300*602 

2.9495**02 

B5010203 

1.0950 

1.3125 

3.  8659*603 

3.7179--03 

1.7133 

1.2  503 

6.8779*604 

6.8779*604 

2 .7  00  9*-Q  2 

1.4595**05 

1.0000 

4.  5590*603 

NN 

1. >233 

1 .9224 

2.9000*602 

2.3576*602 

INFINITE 

2.92  30"*02 

2.1*62-602 

2.  03 43*** 04 

NN 

0.0359 

2. 1 01 5" -04 

3.3710-602 

2.8442*602 

8  5010  20* 

1.2230 

1.0159 

4.1548*603 

3.5700--03 

1.8211 

1.2333 

5.8302*604 

5.8302*604 

4.2000--02 

1. *571*605 

1.000 o 

5.0899*603 

NN 

1.9239 

1.9227 

2.9000-602 

2.2511*602 

INFINITE 

2.32*5*602 

2.1792*602 

2.2598--04 

NN 

0.0450 

2. j505*-04 

3.6790-602 

2.8545-602 

85010205 

0.8130 

1.00*4 

1.2896*604 

2.0336--03 

1.7012 

1.4231 

9.3916-604 

9.3916**04 

1.0200--01 

*  .*503*605 

1.0000 

1.4132*604 

NN 

1.7497 

1.7*70 

2.9000*602 

2.5815*602 

INFINITE 

2.9228"*02 

8.8365*691 

7.  01 09 *- 04 

NN 

0.0170 

7.3620--04 

2.6190**02 

2.8573*602 

85010301 

1.0920 

1.0286 

4.4445*603 

3. 5789" -03 

1.7016 

1.2376 

6.7636*604 

6. 7636*604 

0*000  0**00 

1. *299*605 

1.0000 

5.30  37  -6  03 

NN 

1.9165 

1.9152 

2.9000*602 

2.3230*602 

INFINITE 

2.8770*602 

2.0205*602 

2.  3695  *“04 

NN 

0.0416 

2 . 4  5 1  8*  -0  4 

3.3370*602 

2 • 81 94**02 

85010302 

1.2590 

1.0278 

4.  0957*603 

3.  5122--0  3 

1.8563 

1.2370 

5.5275*604 

5.5275**04 

1  .200  0--02 

1.4491**05 

1.0000 

5.  1157*603 

NN 

1.9229 

1.9212 

2.9000*602 

2.1<*75**02 

INFINITE 

2.8941*602 

2.15*1*602 

2. 2S40"“04 

NN 

0.0470 

2. 3 504" -04 

3.7420**02 

2.8217**02 

85010303 

1 .2070 

1.0260 

6.  0050*603 

2.889C--03 

1.8440 

1.2563 

5.8500*604 

5.8500-*04 

1.8000--02 

1.4316*605 

1.0000 

7.3794*603 

NN 

1.8813 

1.8770 

2.9000*602 

2.2413**02 

INFINITE 

2.8943*602 

1.7235*602 

3.2894--04 

NN 

0.0392 

3.4  303"-04 

3.  6230*602 

2.8264**02 

8501030* 

0.7810 

1.0078 

2. S2  91*604 

2. 2 1 52*-0  3 

1.4317 

1 .38*0 

9.6456*604 

9.6456"*04 

1.1400--01 

1. *431*605 

1.0000 

2.7599*604 

NN 

1.7487 

1.7*72 

2.9000*602 

2.5  940**02 

INFINITE 

2.9104*602 

9.1231*6)1 

1 • 3944*- 03 

NN 

0.0188 

1 .4  598"-0  3 

2. 5220-602 

2.8775*602 

85010305 

0.7760 

1.0098 

2.4455*604 

2.3314--03 

1.5721 

1.3235 

9.6688*604 

9.6680"*O4 

1.3900--01 

1.4395*605 

1.0000 

2.4930*604 

NN 

1.780  7 

1.7794 

2.9000*602 

2.5922-602 

INFINITE 

2.9044*602 

9.7058*601 

1. 3448--03 

NN 

0,0233 

1 . 423 7"-0  S 

2. 5050*602 

2.8719**02 

85010306 

0.7860 

1.0090 

2.5809-604 

2.480$"-03 

1.5405 

1.2301 

9.6217*604 

9.6217*604 

1.4620*“Q1 

1.4466*605 

1.00  00 

2.  8231*604 

NN 

1.7993 

I.T982 

2.9000*602 

2.5876**02 

infinite 

2.9073*602 

1.0321*602 

l.4193"-03 

NN 

0.0130 

1 .4  7J8* -0  3 

2.5350*602 

2.8741**02 

8  5010  30  7 

0.7730 

1.0124 

2.  2870*604 

2.7262--03 

1.4709 

1.2339 

9.7103*604 

9.7103**04 

2.1 *60*-0 1 

1.4415**05 

1.0000 

2.  5018*604 

NN 

1.8360 

1.8351 

2. 9000*602 

2.5874**02 

INFINITE 

2.8966**02 

1.1064*632 

1 ■ 2642  *-03 

NN 

0.0140 

1.3063"-03 

2.4930*602 

2.8645*602 

CAT  8501 

l iu/squire 

3QUNDAPT  C3NJITI0NS  *ND  EVALUATED  DATA, 

,  51  UNITS 

RiJN 

NO  • 

TN/TR 

°£02N 

CF  * 

*12 

"125 

PW 

p  J* 

X  * 

POD 

P«/PD* 

R  E  020 

ca 

"32 

"32* 

TW* 

T  J 

*1 

TOO 

T4UU 

02 

p  1  2 

"42 

02* 

uo» 

t  a 

85010601 

0.9040 

1.0181 

7.  12*2-403 

3.  3709  —  03 

1.5631 

1.2319 

0. 6969  —  04 

8.6  96N  —  0* 

0.0000  —  00 

1 •4?T3"*05 

1.0000 

3.0503-403 

NN 

1.9811 

1.8  302 

2.90  00  —  02 

2  .4  —  6  —  0  » 

INFINITE 

2 «89Q  7  —  02 

1.6771- *0 2 

3.  6902--C4 

NX 

0-0095 

3,81*8  —  04 

2. 8570  —  02 

2. 5*05—0  2 

85010602 

0.9180 

1.0191 

7.1213-403 

3.  2579  —  03 

1.5795 

1.2379 

8.5611  —  0* 

8. Sail  — 04 

1.2000  —  02 

1.476T— 05 

1.0000 

8.0795-403 

NN 

1.8782 

1.0770 

2. 9000**02 

2.4722**02 

iNFrNfTg 

2.8889— 02 

1.64*9-402 

3.6808--04 

NN 

0.0259 

3. 8  112  —  04 

2.89*0  —  02 

2.8*55—02 

85010603 

0.3450 

1.0176 

8. 6657-403 

2.7753—0  3 

1.5730 

1.2  777 

9.  21  37  —  04 

9.21 3  7 * ♦ 0* 

2.7000—02 

t. 4701  — 05 

1.0000 

9. 6613-403 

NN 

1.9432 

1.8*13 

2.90  00  —  02 

t  .5  266  — 02 

infinite 

2.887*— 02 

1. 2781-432 

4.570B--04 

NN 

0.0119 

4. 7  42  *--0  4 

2.6930  —  02 

2.8*99  —  02 

8  SO  10  60  4 

0. 7890 

1.0200 

1.0999-404 

2. 3183—03 

1.5964 

1  .3  313 

9.  7*61  —  0* 

9. 7*61**04 

5. 700 'V -02 

1.4696  —  05 

1.0000 

1.21*2  -4  0* 

NN 

1.9039 

1.8016 

2.9000  —  02 

2.5  >7 3" *  C  2 

INFINITE 

2.8763—02 

9. 9*59-431 

5.  9099"- 0* 

NN 

0.0037 

6. 1*69  —  04 

2. 5  300  —  02 

2.8*31  —  02 

8  5010  605 

0.7690 

1.0168 

1.2001-40* 

2.251  3  —  0  3 

1.6015 

1.3469 

9.937***04 

9.9274—0* 

7- 2000  —  02 

l  .4696—05 

L. 0000 

1.  3162-40* 

N" 

l. 791 7 

1.7*9* 

2. 9000  —  02 

2.5739—02 

INFINITE 

2.8  339—02 

9.2609-431 

5. 51 5J--0  4 

NN 

0.0120 

ft. 7779— Q4 

2.4760—02 

2.3522  —  02 

85010606 

0.7560 

1.0163 

1. 2636-404 

2.4997  —  03 

1.5648 

1.3192 

1 .0065  —  05 

1 .0  265  —  05 

1.0200  —  01 

1.4700—05 

i.0000 

1.3824-404 

NN 

1.8007 

1.7991 

2.  9000  —  02 

2 .5  37C  — 0  2 

INFINITE 

2.8  327— 02 

1.0063—32 

6. 9q9  5"-04 

NN 

0.0165 

7.  1627  —  0* 

2.438‘J  — 02 

2 . 3520—  02 

85010401 

0.9350 

1.01 87 

6. 7642-403 

3.3518--03 

1.5798 

1.2327 

0.  3746  —  0* 

3.  37*5  —  0* 

0.0000-*00 

l. 4719-405 

1.0000 

7. T020-403 

NN 

1.9846 

1. 8  a?  5 

2.9000  —  02 

2.4612**02 

INFINITE 

2.8915-402 

1. 7177-432 

3.5014--04 

NN 

0.0231 

3.6229“- On 

2.  4*1  0  —  02 

2 . 8*63  —  02 

8501  0402 

1.0200 

1.0199 

7. 2176-403 

3.  1 0  27" -0  2 

1.6552 

1.2381 

7.7201**04 

7.7281**0* 

1. ,2  00  4—02 

1.4976-405 

1.0000 

9. 3970  — Q3 

NN 

1.8798 

1  .  8  701 

2 . 900  0 " *0  2 

2 . 3  J6*  —  02 

INFINITE 

/ 

2.6953-402 

1.7463-403 

3. 6621 "“04 

NN 

0.0155 

3.8199  —  0* 

3 . 16  60  - *0  2 

2.0*3*"*  02 

8501040 3 

1.0830 

1.0171 

4.30  30  —  03 

3.  5  928—03 

1.7016 

1.2*91 

6.9750— C* 

6.975  D— 0* 

2.7QOO—Q2 

1.4533-405 

1.30  00 

5. 0759-403 

NN 

i.  9115 

1.910* 

2. 9000  —  02 

2,3541"*?: 

INFINITE 

2.9038-402 

2.0575-* 02 

2. 2590"- 34 

NN 

0.01 37 

2. 3396—0* 

3.  33  30  — 0  2 

2 . 8  5 1  1 "  ♦  0  2 

55010404 

0.9020 

1.  0092 

9.0508-403 

2. 0  790"-0  3 

1.7094 

1 .371* 

0.6  702  —  0* 

8. 6702  —  04 

4.2000—02 

1.4696-405 

1.0000 

1.01  51  —.J4 

Nn 

1.9070 

1.802* 

2. 9000—02 

2. 507  9  —  01: 

INFINITE 

2.9160-402 

1.02  6  — j2 

*.  7J  50  "  —  04 

NN 

0.02*8 

*.  9->ft3  — 0* 

2.  86*0  —  02 

2.0735  —  02 

85010405 

0 . 8600 

1.0036 

1.0536-40* 

1.  1 26*- -9  3 

1.499* 

1 .3  94* 

9.0683  —  0* 

9.0ftjJ  —  0* 

5 ♦ TOQO— 0  2 

1  .4697-405 

1. 0000 

1.1712-404 

N" 

1. ’835 

1  .  7  79  5 

2. 9000—02 

2.S>l'*—02 

INFINITE 

2 .9283-402 

9.0*42-431 

5.6011  —  04 

NN 

0.0306 

5.  8  722  — 0* 

>.  7540  —  0  2 

2.8  091  —  02 

85010*06 

0.3020 

1.00*6 

1.3752"40* 

2.  1  933--03 

1.6320 

1.3695 

9.  62*7  —  0, 

9.6  2*7  —  0* 

1.0200—01 

1 .4701-405 

1.0000 

1.5038-404 

NN 

1.77*8 

1.772* 

2.90  00**02 

2 .5  30*  — 0: 

infinite 

2.9214-402 

9,  50*4-431 

7 . 40  50"“ 04 

NN 

0.0103 

7.  7319  — 06 

2.  50  70—02 

2.8  367  —  02 

85010501 

1.0910 

1. 01  97 

9.  31  24  —  03 

3.857  3—0  3 

1.68*8 

1.2382 

6. 7912— 04 

6.7912**04 

0.0000  —  00 

1.4340-405 

1.0000 

4. 5161-403 

NN 

1.9333 

1.9327 

2 . 9000  —  02 

2 . 3**  J—  02 

INFINITE 

2.9020-402 

i. 1826-432 

2.03  52  —  0* 

NN 

0.0158 

2.0913  —  04 

3. 3*90—02 

2.84*0**02 

85010502 

1.0560 

1.0J45 

5. 082 0"403 

3.2  065—0  3 

1.7219 

1.2729 

7.  0*60  —  0* 

7 . 0*60*  *0* 

1.2000—02 

1  .4255-405 

1.0000 

5.9410-403 

NN 

1.3797 

1.9772 

2. 90 0 0 - ♦  0 2 

2.  352*— C! 

INFINITE 

2. 9137 -♦ 02 

l.7636-*32 

2  .  7236  —  04 

NN 

0.01*6 

2 . 9*  70—0* 

3. 2680  —  02 

2. 0585"* 02 

85010503 

0.7230 

1.C167 

1.7071-40* 

l.  3040—03 

1.8259 

1.5976 

1.0199  —  05 

1 .01  99  —  05 

6 « 0000"-02 

l  .4444-4Q5 

1.0000 

1.8556-404 

NN 

1.689* 

1 .6450 

2 . 90  0  0  -  ♦  0  2 

2.69  09  —  u2 

INFINITE 

2.8807-402 

4.8664-431 

9. 6  589 0  4 

NN 

0.0090 

1 .0  121  —  0  j 

2.3*10**02 

2.852  3—G2 

85010504 

0.7450 

1.0166 

1.6196-40* 

2.  1 734- -0  3 

1.6344 

1.3887 

9.99  7  8—  0* 

9. 9  173  — 0* 

8.4000—02 

1 .4*51-405 

1.0000 

1. 7678-40* 

NN 

1.7573 

1 .755* 

2 . 90  0  0  -  ♦  0  2 

2. 5 ‘**5  —  02 

INFINITE 

2.3825-402 

8.4423-401 

9.  0*89  —  0* 

NN 

0.0037 

9.**22  — 0* 

2.4060  —  02 

2.052ft  —  02 

8  5010  50  5 

0.7410 

1.0143 

l. 6358-40* 

2. 2  771  -  -0  3 

1.6037 

1 . 3  64  1 

1 .00  3S  — OS 

1 .0 J3a"»05 

9.6 000—02 

1 .4*55-405 

1. 0000 

1.  7809 -4  0* 

NN 

1.  76  77 

1.7ft61 

2 . 9000 -♦ 02 

2. 6  030  —  02 

INFINITE 

2.8899-402 

3. 7856-431 

9.  1668  —  04 

NN 

0.0012 

9.5*6  0  —  0* 

2. 3970**02 

2. 8591" *02 

85010506 

0.7410 

1.01  94 

1. 3205-40* 

2. 7*76- -0  3 

1 . 5181 

1.299* 

1 .  CO  8 5 - *0 5 

1.0065**05 

1  .1*00— 01 

1. *523-*05 

1. 0000 

1  •  44  33-40* 

NN 

1. 3125 

1.8116 

2.  900  J  — 02 

2 . S  90  J  —  02 

INFINITE 

2.8744  —  02 

1. 0728-402 

7.  3*70  —  0* 

NN 

0.0016 

7.  59ft*— 0* 

2.  3910  —  02 

2. 8**0-* 02 

8  5010  50  7 

0.7570 

1.0134 

l . 3349-404 

2.7  907  - -0  3 

1.  50u9 

1.2  731 

9.  962  S— 0* 

9.9625  —  0* 

1.3900  —  01 

1  .4565-*05 

1.0000 

1.4568-40* 

NN 

1.8233 

1.0223 

2. 90  00—0  2 

2.5^51  —  02 

INFINITE 

2  .8925—02 

1.1152-402 

7.  3 &70—  04 

NN 

0.0179 

7. 6d4*  — 0* 

2.4*50—02 

2.861 6  * ♦ 0  2 

85010508 

0.7530 

1.0167 

1.4133-404 

2. 9264  —  03 

1.4392 

1.261  0 

9. 9727**0* 

9.9  72  T—p* 

1.6420*-01 

1  .4593-405 

1.0000 

l .  *466—0* 

NN 

1.92*7 

1. 8286 

2.4000  — 02 

2 . 5  3ftl — 12 

INFINITE 

2.8933-402 

1.1337-432 

7.  7675—0* 

NN 

0.0151 

9.0122--04 

2 . 4*4  9  —  0  2 

2.3524  —  02 

85010509 

0.7550 

1.01*4 

1.*147"*0* 

2. 94 2ft— 0 3 

1.4694 

1.2*49 

1.0010  —  05 

1.  0  01  j  — 0  3 

2. 1 *60  —  01 

1.4606-405 

1.0000 

\ . 544* -4  0* 

NN 

1.9*0* 

1.3393 

2. 9000  —  02 

2.5  9  —  —  C2 

infinite 

2 « 3  896“4()2 

1.  1354-02 

7.  7899  —  0* 

NM 

0.030  * 

0 .0  1  77  —  0* 

2.4380**02 

2.  83-9  —  02 

8501-0-1 


i:g-5 


r 
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PROFILE  TABULATION  52  POINTS,  DELTA  AT  POINT  20 


I 

Y 

PT2/P 

P/PO 

TO/T JO 

H/*D 

U/UO 

T/TO 

R/R04U/U0 

1 

O.OOOQ"*OQ 

1. 0000 "*00 

1.00000 

1.00799 

0.00000 

0.00000 

1.24839 

0. OOOOC 

2 

9.0000--05 

1. 5552 "*00 

0.99899 

0.99454 

0.750  92 

0.78244 

1.0  9572 

0.71994 

3 

2.9000--04 

1.6804-400 

0.99999 

0.996^3 

0.81868 

0-84447 

1.06400 

0.79367 

4 

4.9000--04 

t. 7874”+00 

0. 9  9885 

0 .99629 

0. 34996 

0.88942 

1.04523 

0.84995 

5 

6.8000--04 

1. 8453  "-*00 

1.00056 

0.99786 

0.89540 

0*91220 

1.03740 

0.87981 

6 

8.8000--04 

1. 8624*400 

0. 9  99*1 

0.99730 

0.90293 

0*91819 

1.03409 

0.88740 

7 

1.0700--03 

1. 97 76-* 00 

0.99957 

0.99733 

0.90  9  34 

0.92338 

1.03224 

0.89473 

8 

1.27Q0*-Q3 

1. 8819*400 

0.99925 

0.99707 

0,91117 

0*92508 

1.0  3077 

0.89680 

9 

1 «  470  Q"-03 

1.9220*400 

0.99996 

0.99872 

0.92766 

0.93977 

1.02628 

0. 91  567 

10 

1.6600"-C3 

1.93  56*400 

0.99845 

0.99721 

0.93315 

0.94346 

1.02266 

0.92133 

11 

1 . 8600  w-03 

1. 9448-+00 

1. 00024 

0.99833 

0.93681 

0.94726 

1.02242 

0.92671 

12 

2  .  Q500--Q3 

1. 9494*400 

0. 99949 

0.99826 

0.93864 

0.94876 

1.02166 

0.92817 

13 

2 . 54 00  *- 03 

1. 9797”*00 

0.99843 

0.99759 

0.95055 

0.95835 

1.01647 

0.9413? 

14 

3.0300«-03 

2.0131-400 

0.99965 

0.99850 

0.96337 

0.96943 

1.01263 

0.95700 

15 

3.52Q0*-03 

2.0349*400 

1.00038 

0.99946 

0.97161 

0.97663 

1.01035 

0.96699 

16 

4.0100--03 

2.0570 *400 

1.00054 

0.99976 

0.97985 

0.39352 

1.00749 

0.97673 

17 

4.4900*-03 

2. 0645-400 

0.99898 

0.99825 

0.98260 

0 .98  502 

1.00492 

0.97919 

18 

4.9B00--03 

2.0744-400 

0.99860 

0.99828 

0.98626 

0.99801 

1.00355 

0.98314 

19 

5.4  70G*-03 

2 • 0996 ”♦00 

0.99819 

0.99841 

0.99542 

0 .9  9  5S0 

1.00017 

0.99354 

0  20 

5.9600--03 

2.1123*400 

1.00000 

1.00000 

1.00000 

1.00000 

1.0 0000 

1.00000 

21 

6.4500--03 

2.1303*400 

0.99816 

0 .99846 

1.00641 

1.0U4S0 

0.99620 

1.00648 

22 

6 m 940  0 "-03 

2.1380*400 

1.03063 

1.00023 

1.00916 

1.00749 

0.99670 

1.01147 

23 

7.4200--03 

2. 1484-400 

0.99912 

0.99916 

1.01282 

1.00989 

0.99422 

1.01487 

85010302  LIU/50um 

PROFILE 

tabulation 

52 

POINTS,  DELTA  AT  POINT  20 

I 

r 

PT  2/P 

P/PD 

TO/TJO 

M/ND 

U/UO 

T/TO 

R/RD4U/U0 

1 

0.0000*400 

1.0OJO-400 

1.00000 

1.00202 

0.00000 

0.00000 

1.31968 

0.00000 

2 

9.0  00  0*-05 

1.711T-4Q0 

0.99828 

0.99258 

0.72359 

0.76617 

1.12115 

0.68220 

3 

2.9000*-04 

2.0252-4Q0 

0.99934 

0.99538 

0.83956 

0.06905 

1.0T151 

0.81052 

4 

4.9000"-04 

2.  1614-4Q0 

0.99932 

0.99642 

0.88245 

0.90540 

1.05270 

0.85992 

5 

6.8000*-04 

2 • 2  388 •♦00 

0. 99991 

0.99756 

0.90548 

0.92464 

1.04276 

0.83664 

6 

8.8000"-04 

2. 2688*400 

0.99924 

0.99732 

0.91422 

0.93159 

1.03836 

0.89649 

7 

1.0700*-03 

2.2854-400 

0.99923 

0.99712 

0.91898 

0.93533 

1.03589 

0.90223 

8 

1.2700*-03 

2.2965*400 

0.99922 

0.99739 

0.92216 

0.93800 

1.03465 

0.90588 

9 

1.4/00*-03 

2. 31 33 ”400 

0. 99923 

0.99724 

0.92693 

0.94174 

1.03222 

0.91164 

10 

1.6600--03 

2.3273-400 

0.99866 

0.99732 

0.93030 

0.94495 

1.03042 

0.91583 

11 

1.06OO"-©3 

2.3358-400 

0.99924 

0.99733 

0.93328 

0.94709 

1.02981 

0.91898 

12 

2.05OO*-O3 

2.3500-400 

0.99812 

0.99738 

0.93725 

0.95003 

1.02745 

0.92291 

13 

2.5400--03 

2.3815-400 

0.99883 

0.99747 

0.94599 

0.95697 

1.02336 

0.93403 

14 

3.0300*-03 

2.4192*400 

1.00013 

0.99894 

0.95631 

0.96579 

1.01992 

0.94705 

15 

3.5200*-03 

2.4515*400 

0.99867 

0.99811 

0.96505 

0.97221 

1.01488 

0. 95657 

16 

4.0l00"-03 

2.4812*400 

0.99835 

0.99808 

0.97299 

0.97835 

1.01105 

0.96607 

17 

4.4900"-03 

2.5172-400 

0.99979 

0.99944 

0.98253 

0.90637 

1.00784 

0.97849 

18 

4 .9  80  O'*— 0  3 

2.5445-400 

0.93955 

0.99916 

0.98967 

0.99172 

1.00413 

0.93719 

19 

5.4700»-03 

2.5629-400 

0.99976 

0.99937 

0.99444 

0,99546 

1.00205 

0.99319 

0  20 

5.9600--03 

2.5844-400 

1.00050 

1.00000 

1.00000 

1.00000 

1.09000 

1.00000 

?1 

6.4500--03 

2.6030*400 

0.99971 

0.99972 

1.00477 

1.00347 

0.99743 

1.00577 

22 

6.9400 "-03 

2.6092*400 

0.99868 

0.99946 

1.00635 

1.00454 

0.99640 

1.00684 

23 

7.4200 “-03 

2.6217*400 

0.99943 

0.99943 

1.00953 

1.00695 

0.99489 

1.01155 

24 

T.9100--03 

2.6217*400 

0. 99996 

1.00001 

1.00953 

1.00722 

0.99542 

1.01182 

85030303  LIU/SQUJRE 

PROFILE 

tabulation 

52 

POINTS,  OELTA  AT  POINT  22 

I 

r 

PT2/P 

P/PO 

to/too 

K/MD 

U/UO 

T/TO 

R/R04U/U0 

1 

0.0000*400 

1.0000*400 

1.00000 

1.00195 

0.00000 

0.00000 

1.29389 

0.00000 

2 

9.00Q0--0S 

1.4976*400 

1.00049 

0.99295 

0.64789 

0.69252 

1.14252 

0.60643 

3 

2.9000--04 

1.5396*400 

0.99888 

0.99174 

0.67109 

0.71405 

1.1 3214 

0-63000 

4 

4.90OO--O4 

1.7325*400 

0.99949 

0.99415 

0.74393 

0.80017 

1.09727 

0.72886 

5 

6. 8000*-04 

1.9494*400 

0.99977 

0.99604 

0.84921 

0.87552 

1.06291 

0.82351 

6 

8. 8000  *-04 

2.0595*400 

0.99774 

0.99533 

0.89732 

0. 90754 

1.04607 

0. 86560 

7 

1.0700--03 

2.0996*400 

0.99922 

0.99721 

0.90058 

0.91913 

1.04162 

0.88172 

8 

1.2700 *-03 

2.1380*400 

0.99789 

0.99660 

0.91301 

0.92906 

1.03548 

0.89534 

9 

1.47Q0--03 

2.1484*400 

0.99831 

0.99770 

0. 91632 

0.93210 

1.03474 

0.89929 

10 

1.6600 ”-03 

2.1588*400 

0.99987 

0. 99800 

0.91964 

0.93514 

1.03400 

0.90427 

11 

1.06OO--Q3 

2.1667*400 

0.99974 

0.99730 

0.92212 

0.93707 

1.03268 

0.90717 

12 

2. 0500 ”-03 

2.1693*400 

0.99912 

0.99754 

0.92295 

0.93762 

1.03204 

0.90771 

13 

5403-- V 

2.1904*400 

0.99823 

0.99725 

0.92959 

0.94287 

1.02879 

0.91486 

14 

3.0300 *-03 

2.2225*400 

0.99897 

0.99778 

0.93952 

0.95115 

1.02490 

0.92700 

15 

3.S2OO--03 

2.2497*400 

0.99925 

0.99829 

0.94  780 

0.95  805 

1.02173 

0.93697 

16 

4. 0100"-03 

2.2826*400 

1.00008 

0.99900 

0.95775 

0.96633 

1.01800 

0.94932 

IT 

4.4900 ”-03 

2.3105*400 

0.  99930 

0.99852 

0.96603 

0.97267 

1.01380 

0.95076 

18 

4. 9800 *-03 

2.3415-400 

0.99913 

0.99905 

0.97514 

0.98013 

1.01024 

0.96934 

19 

5.4700”-03 

2.3642*400 

0.99732 

0.99857 

0.98177 

0.98510 

1.006TB 

0.97642 

20 

5.9600”-03 

2.3815*400 

1.00009 

0.99964 

0.98674 

0.98951 

1.00562 

0.98407 

?1 

6.4500 ”-03 

2.4075*400 

0.  99892 

0.99961 

0.99420 

0.99531 

1.00223 

0.99202 

0  22 

6.9400--03 

2.4279-400 

1. 00000 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

23 

7.4200--03 

2.4426*400 

0.99835 

0.99912 

1.00414 

1.00276 

0.99725 

1. 00  38  6 

24 

7.9100--03 

2.4456*400 

0.99835 

0.99949 

1.00497 

1.00359 

0.99725 

1.00469 

25 

8.4000--03 

2.4515*400 

0.99835 

0.99915 

1.00663 

1.00469 

0.99616 

1.00690 

12G-6 


.s5ul-(  -2 


r 

i 


85010304  LIU/SQUIRE 


r  Y  PT2/P 


1 

0.0000"400 

l.OOQO-fOO 

2 

9.0<)00“-05 

1 . 1 332 “♦00 

3 

2.9000"-04 

1. 1568"*00 

4 

4.9QOO"-04 

1,1656 "♦ 00 

5 

6.8000**-04 

1.1?23"*00 

6 

8.8000*-04 

1 • 1?  84 “♦00 

7 

1.0700"-03 

l.  1799“>00 

8 

1.2700"-03 

1. 1878"+00 

9 

l.*7Q0"-03 

1. 1934"*0C 

10 

1.6600“-03 

1 • 1934 "♦00 

11 

1.8600*-03 

1 • l 967 "♦ 00 

12 

2*0  500"“03 

1 ■ 2041 “+00 

13 

2.5*00“-03 

1.20  91 "♦ 00 

14 

3 .0  300"-03 

1*2221 “*00 

1  5 

3. S200»-03 

1.23 91 “♦00 

16 

4,0 10  0"“0  3 

l . 2*93"*00 

17 

4.490C-03 

1.272$"*00 

18 

4.9800"-03 

1.2877"*00 

19 

5  ,4  700“-0  3 

1. 3033"+00 

20 

5,9  60  0*~03 

1 • 3306  **00 

21 

6  .4  500“-*0  3 

1.3453“+00 

22 

6.9<,00"-03 

1. 3683-+00 

23 

7.4200*-03 

1 • 3785 “♦OO 

24 

7.9l00"-03 

1.39 71 “♦OO 

25 

8.4  00  Q“-0  3 

1.4241 “+00 

26 

8 • 8  900 "-0  3 

1 • 4401 "*00 

27 

9,380  0“-03 

1.45  92 "  +  00 

28 

9,8/0  0“-03 

1.4788 “♦OO 

0  20 

1.0360"-02 

1 . 4961 "♦ 00 

30 

1.0tj40"-02 

1. 50 3* "*00 

31 

1.2330“>O2 

1. 5183“*00 

32 

1,1 820"~02 

1. 5213"+00 

33 

1,231 0"-02 

1 • 5304 "♦OO 

34 

1.2800“~02 

1 • 52  89 "*00 

35 

1 .  3290“-02 

1.5259"*00 

36 

1*3  770“~02 

1 • 52  39 "♦00 

37 

l.*260“-02 

1  •  52  74“*00 

38 

1 .*750*-02 

1  •  5  304 "♦OO 

85010305  LIU/SQUIRE 

I  Y  PT2/P 


1 

0.0000“*00 

i. oooo"*oo 

2 

9. 0000"-05 

l  •  1583“+00 

3 

2.9000 "-04 

1.1  626“*0  0 

4 

4. 9000 ““04 

l • 1 838"+0  0 

5 

6. 9000“~0* 

1.1910"*00 

6 

8. 8000"-»04 

1 .1975“*00 

7 

1  •  0700“-*03 

l -207*“*00 

8 

1 . 2  700 03 

1  •  21 1 7  "♦  00 

9 

1 .4700 “~03 

1 • 21 77"*  00 

10 

1 . 660  0“-03 

l. 221Z“*00 

11 

1 • 8  60  Q“-0  3 

1. 2256“*00 

12 

2.0500“-03 

1. 2233“-»-00 

13 

2 • 5400"-03 

1.2382 "*00 

14 

3.0  300“-03 

1  •  2493  ’*♦00 

15 

3. 5200"-03 

1 • 2637 "♦OO 

16 

4.0l00*-03 

1 • 2715 “♦OO 

17 

*.*900“-03 

1  •  2836 “*00 

18 

4.9d00“-03 

1  •  29  70"*Q0 

19 

5.*700“-03 

1.3151 “♦00 

20 

5.9600“-03 

1. 3272"+00 

21 

6.4500"-03 

1. 34l9“+00 

22 

6.9*00“-03 

1.  35 81 " *00 

23 

7.4200"-03 

1.366*“*00 

24 

7.9l00“-03 

1.3785“*00 

25 

8.4Q00“-03 

1 . 40  34 “♦OO 

26 

8,8  900“-03 

1.4163 “♦00 

27 

9.3800*-03 

1.43  87 “*00 

28 

9  *8  700"-03 

1  •  45  37 “♦ 00 

29 

1 .0360"-02 

1„46*7“^00 

30 

l.Q8*0“-02 

1.4860 “*00 

0  31 

1.1330--02 

1 • 4889“+00 

32 

1 .1820«-02 

l. 50 34 “♦00 

33 

1 • 2  3l0“-02 

1. 5094 “♦ 00 

34 

i.2800"-02 

1.5138-+00 

35 

1 .3  290*-02 

1.5183 “♦00 

36 

1.3770"-02 

1.5l98"+00 

37 

l.*260*-02 

1. 5183 "♦ 00 

38 

1.4750»-02 

1 • 51 98 “♦OO 

I 

L 

i 

L  . 


PROFILE 

TABULATION 

52 

POINTS,  DELTA  AT  POINT  2i 

P/PD 

TO/TOO 

M/M9 

U/UD 

T/TD 

R/RD*U/UD 

1.00000 

0.99641 

0.00000 

0.00000 

1.11796 

0.00000 

1.00295 

0.99274 

0.55570 

0.57573 

1.073*1 

0. 5379* 

1.00406 

0.99435 

0.59027 

0.61043 

1.07017 

0.57290 

1.00051 

0.99134 

0,60563 

0.62*90 

1.06*6* 

0. 58726 

1.00342 

0.99422 

0.61716 

0.63719 

1.06598 

0. 59980 

1. 00342 

0.99439 

0.62740 

0.6*750 

1.06510 

0.61000 

1. 000 16 

0. 99202 

0.62936 

0.6*909 

1.06164 

0.61150 

1.00267 

0.99477 

0.64277 

0.66257 

1.06257 

0,62522 

1.00159 

0.99341 

0.65173 

0.67090 

1.05969 

0.63*11 

1. 00396 

0.99576 

0.65173 

0.67169 

1.06219 

0.63*36 

1.00206 

0.99333 

0.65685 

0.67605 

1.05932 

0.63951 

1.00148 

0.99340 

0.66337 

0.69715 

1.05698 

0.65107 

1.00010 

0.99241 

0.67606 

0.49429 

1.C5467 

0.65637 

1.0Q061 

0.99350 

0.69526 

0.71332 

1.05263 

0.67807 

0. 99960 

0.99321 

0.71959 

0.73672 

1.04817 

70258 

1.00059 

0.99411 

0. 73367 

0  .75059 

1.04666 

0.71756 

1.00107 

0.99501 

0 . 76*40 

0.78033 

1.0*211 

0.74960 

1. 00 105 

0.995  )6 

0.73361 

0.79897 

1.03953 

0.76935 

1.00194 

0 .99709 

0.80232 

0.91761 

1.0  3718 

0.78983 

1.00171 

0. 99720 

0.83433 

0 . 8477* 

1.03117 

0. 82  352 

1.00076 

0.99702 

0.35147 

0.86320 

1.02775 

0. 3*054 

0. 99943 

0.99703 

0.87708 

0.89699 

1.02273 

0.8671 3 

1.00032 

0.99721 

0.89732 

0.99651 

1.02081 

0. 87851 

1.00092 

0  •  99849 

0.90653 

0  .91475 

1.01822 

0.8  992  1 

1.00133 

1  .  OuO  2  3 

0.93342 

0.94013 

1.014*3 

0.92851 

1.00250 

1.00090 

0.94878 

0.95*40 

1.01188 

0.9*556 

1. 00273 

1.001  a 

0 .96671 

0.97105 

1.00901 

0.96506 

0.93993 

0.99970 

0.98464 

0.98412 

1.00302 

0.993C  8 

1.00000 

l.OOOJO 

1 .ooooo 

1.00000 

1.00000 

1.00000 

1.^0222 

1.00207 

1.00640 

1.006?* 

1.00067 

1 . 0 j  83  0 

1.00118 

1.0015 J 

1.01921 

1.0175* 

0.99733 

1.02177 

1.00160 

1.00175 

1.02177 

1.02022 

0.9  96  98 

1.02495 

..00210 

1.00242 

1.02*45 

1.02736 

0.9959* 

1.03371 

1.00073 

1.00153 

1.02817 

1.02577 

0.99535 

1.03132 

1.00107 

1.00130 

1.02561 

1.02339 

0.99569 

1.02893 

1.  001  50 

1 .0023r 

1.02817 

1.02617 

0.99611 

1.03172 

1.00167 

1.00219 

1.026  37 

1  .02*98 

0.99629 

1.03052 

1.00132 

1.0-164 

1.02965 

1.02696 

0.99517 

1.03331 

PROFILE 

TABULAT  I3N 

52 

POINTS,  DE 

LT  A  AT  POINT  31 

P/P9 

TQ/TOD 

M/*D 

u/uo 

T/TJ 

R/RD*U/U J 

1.00000 

0.998*9 

0.00030 

0. ooooo 

1.11874 

0.00000 

0.99982 

0.99331 

0. 59665 

0.61637 

l .06719 

0.577*6 

0. 99807 

0.99132 

0.60458 

0.62  355 

1.06*45 

0. 58467 

1.  00026 

0.99425 

0.6*046 

0.659«8 

1.06155 

0.62178 

1. 00078 

0.9943o 

0.65206 

0.671*6 

1.06037 

0.63372 

1.00172 

0.99571 

0.66237 

0 .481 8  * 

1.05964 

0, 4**57 

0.99776 

C. 9925 1 

0.67734 

0.69561 

1.05373 

0.45885 

1. 00020 

0. 99512 

0.68428 

0.70299 

1.055*5 

0.66619 

1.00046 

0.9951 7 

0.69330 

0.7U78 

1.05*01 

0.67561 

1. 0009'* 

0.99570 

0.699*5 

0.71697 

1.05371 

0, 68  109 

0-99736 

0.9  92  31 

0.  70*  90 

0 .72216 

1.04957 

0. 686S8 

1.00095 

0.99570 

0.70876 

0.72695 

1.0  5197 

0.69169 

0.9*780 

0.99325 

0.72294 

0.73972 

1.0*697 

0.70*98 

0.99955 

0.99512 

0.738*0 

0.75529 

1.0*626 

0,72  15  7 

1.00016 

0.99577 

0.75773 

0.77405 

1.0435* 

0.7*187 

1.00036 

0 .99614 

0.7630* 

0.73403 

1.04207 

0. T5245 

0.99922 

0.99529 

0.79351 

0.798*0 

1.03839 

0.76829 

0.99939 

0.99651 

0.80026 

0.81*77 

1.03660 

0 . 78592 

0.99922 

0. 995 15 

0.82216 

0.8351 3 

1.03179 

0, 80877 

1.00060 

0.997*5 

0.8363* 

0.94910 

1.03075 

0. 82*26 

0.  *  97  30 

0.995*2 

0.85309 

0.86387 

1.025*3 

0.8*060 

0.998*6 

0.99636 

0.87113 

0.88104 

1.02287 

0.8600  1 

0.99837 

0.996*3 

0.88015 

0.389*2 

1.02117 

0.86956 

0.99929 

0.99751 

0.3930* 

0.90190 

1.01970 

0.83375 

0. 99952 

0.99815 

0.91831 

0.92575 

1.01515 

0.91150 

0. 99972 

0,99861 

0.93170 

0.93772 

1.01297 

0.92545 

0.998*2 

0,99791 

0.95361 

0.95729 

1.00773 

0.9484* 

0. 99934 

0.998  59 

0.94778 

0.970*6 

1.09554 

0.96*48 

0.99353 

0.998*  ) 

0.97809 

0.9794* 

1.00317 

0.97512 

0.99960 

0,999  n 

0.997*2 

0.99760 

1.00037 

0.9969* 

1.00000 

1.00000 

1.00000 

1.00000 

1.0 3000 

1.00000 

0. 99893 

C. 999*1 

1.01299 

1.01118 

0.99663 

1.01351 

0.99900 

0 . 99933 

1.0180* 

1.01597 

0.93593 

1.01910 

1.00079 

1.00094 

1.02191 

1.01996 

0.99619 

1.02467 

1.00026 

l.OOOM 

1.02577 

1.02315 

0.99490 

1.02867 

0.99853 

0.99903 

1.02706 

1.02355 

0.99318 

1.02907 

0. 99794 

0.99892 

1.02577 

1.02236 

0.99335 

1.02708 

0.99931 

0.99991 

1.02704 

1.02335 

0.99395 

1.029*7 

K501-C-3 
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PROFILE  TABULATION  52  POINTS,  OELT A  AT  POINT  33 


I 

Y 

PT2/P 

P/PO 

TQ/Tl/O 

M/HD 

u/uo 

T/TD 

R/RO*U/UD 

1 

0,0000**00 

1.0000-+00 

1.00000 

0.997*  3 

0.00000 

r.OoOOO 

1.12073 

o.ooooo 

2 

9.0000"-05 

1.1708*400 

1.00094 

0 ,99328 

0.61069 

0.63077 

1.06685 

9.53180 

3 

2. 9000--04 

1.1807-4Q0 

1.00100 

0.99410 

0.62723 

0.64734 

1 .0  6515 

0.60835 

A 

4 , 900  0*-G4 

1.  19  50  *+00 

1.00321 

0.99645 

0.65013 

0.67061 

1.06401 

0.63229 

5 

6.8000"-04 

1.21 25*400 

1.00292 

0,99624 

0.67684 

0.69665 

1.05937 

0.65953 

6 

8.8000*-04 

1.21  34*^00 

1.0*143 

0 , 994  95 

0.67812 

0.69744 

1.05779 

0. 66027 

7 

1*0  TOO** -03 

1.22  83*400 

1.00096 

0.99471 

0.69975 

0.71834 

1 .0590* 

0.63229 

0 

1.2700--Q3 

1 • 2  3  09  *♦ 00 

0. 99994 

0.9  9432 

0.70356 

0.72189 

1.05279 

0.68566 

9 

1,4  70  0*-<J  3 

1.23  55  m*00 

0 . 99908 

0.9*370 

0.79992 

0.72731 

1.05103 

0.69134 

10 

1 , 6600  *-03 

1 • 2391 "♦00 

1.00073 

0.99536 

0.71501 

0.73333 

1.0  5190 

0. 69766 

U 

1.8600«-03 

1.2428*400 

1.00022 

0.99430 

0.72010 

0.T3807 

1.05052 

0. 70273 

12 

2.0500--03 

1. 2484*400 

1.00202 

0.99635 

0.72774 

0.74596 

1.0  50  70 

0.71139 

13 

2,5  *0  0*-03 

1 . 25  79 *+00 

1.00046 

0.99534 

0.74046 

0.75779 

1.04736 

0.72335 

14 

3 , 0  30  0  "-03 

1 . 26  56*400 

1.00166 

0.99667 

0.75064 

0.76805 

1.04693 

0. 734>3 

15 

3.S200--03 

1.2775*400 

1. 00044 

0.99572 

0.76590 

0.78225 

1. 04214 

0.75023 

16 

4 .0 l0Q*-03 

1.2918*400 

1.00176 

0.99778 

0.78372 

0.80090 

1.04199 

0.76911 

17 

4.4900--03 

1. 3033 "*00 

1.00202 

0.99817 

0.79771 

0.81341 

1.03976 

0.78389 

18 

4 , 9  80  0"-C  3 

1.  30  86 "♦OO 

0. 99950 

0.99603 

0.80407 

0.81854 

1.03631 

0.78946 

19 

5.4  700--0  3 

1. 32  83**00 

1.00059 

0.99739 

0.82697 

0.84063 

1.03331 

0.81402 

20 

5.9600--03 

1. 3430 **00 

1.00137 

0. 99811 

0.84351 

0.3 5641 

1.03082 

0.83194 

21 

6.4500--03 

1.3*99-400 

1.00065 

0.99803 

0.85115 

0.86351 

1.02927 

0.83951 

22 

6.9400«-03 

1. 3676*400 

1.00196 

0.99904 

0.87023 

0.88166 

1.02644 

0.86055 

23 

7 ,4  200 "“03 

1. 3617*400 

1.00053 

0.99810 

0.86397 

0.87535 

1.02675 

0.85304 

24 

7.9100"-03 

1. 3761*400 

1.00267 

1.00033 

Q, 87913 

0.89034 

1.02 544 

0. 070*0 

25 

8*  400 0"“0 3 

1. 3896"400 

1.00161 

0 ,99939 

0.89313 

0.90296 

1.02213 

0.88483 

26 

8.8900--03 

1.4072*400 

1.00249 

1 ,000'3 

0.910  94 

0.91992 

1.01931 

0.90429 

27 

9  •  3  80  0  03 

1.4241 *40 0 

1.00027 

0.9 >873 

0.92748 

0.93412 

1.01437 

0.92114 

20 

9.8700 *-03 

1.4334 "400 

1.00236 

1.00035 

0.93639 

0.94320 

1.01459 

0.93154 

29 

1 • 0  360  *-02 

1.4468*400 

1.00235 

1.00147 

0. 94911 

0.95503 

1.01251 

0. 94564 

30 

1.0340--02 

1 .4619"+00 

1.00094 

0.99973 

0.96310 

0.96636 

1.007*2 

0 . 9 5 9**  0 

31 

1.1330--02 

1  .‘*802*400 

0. 999-Jo 

1.00007 

0.97964 

0.98185 

1.0‘U52 

0.97730 

32 

1 .1820--02 

1  .4831*400 

1.00107 

1.00105 

0.93219 

0.93462 

1.00495 

0.98091 

0  33 

1 .2310--02 

1 .5034*400 

l. 00000 

1.00000 

1.00000 

1.03000 

1.00000 

1.00000 

34 

1. 2800--0 2 

1.5034-400 

1.03168 

1.00159 

1.00000 

1 . 03079 

1.00153 

1.00079 

35 

1.3290 *-02 

1.5123*400 

1.00127 

1.00141 

1.00763 

1.09760 

0.9  99  7  3 

1.00905 

36 

1 . 3  770*- 02 

1.5228*400 

1.00237 

1 . 002*5 

1.01654 

1.01617 

0.9  9928 

1.01931 

37 

1.4260--02 

1.5259*400 

1. 00046 

1*000*4 

1.01909 

1.01736 

0.99661 

1.02128 

30 

1.4750 *-02 

1. 5259*400 

1.00124 

1.00161 

1.01908 

1.01775 

0.99739 

1.02168 

35010307  L IU/ SOUl RE 

PROFILE 
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52 

POINTS,  DP 

IT*  AT  POINT  15 

I 

Y 

PT2/P 

P/PO 

to/too 

M/MO 

u/uo 

T/TO 

R/RO*U/U0 

1 

0.00qO*»0O 

1.0000"400 

1.00000 

1.00117 

0.00000 

0.00000 

1-12032 

0. OOOuO 

2 

9.0000--05 

1.1776*400 

0.99074 

0.99250 

0.632*0 

0.65142 

1.06040 

0-61354 

3 

2 • 90  00  *-04 

1.2033*400 

0.  99 ?«» 6 

0.99370 

0.67400 

0.69234 

1 .05S17 

0.65579 

4 

4.9000--04 

1.2229*400 

0.99994 

0.99478 

0.70375 

0.72162 

1.05143 

3.68628 

5 

6.8000*- 04 

1.2309*400 

0. 99*53 

0.99362 

0.71539 

0.7324  5 

1.04825 

0.69771 

4 

8. 9000*- 04 

1.2428*400 

1.00217 

0.99749 

0.73221 

0.75010 

1.04946 

0. 716«  1 

7 

1 • 0  700 03 

a. 2312*403 

1.  .0150 

r  .  '  *■  4 

0.74386 

0.76093 

1.04644 

0.72833 

8 

1.2700 *-03 

1.2608*400 

1.00113 

0.99665 

0.75679 

0.77337 

1 . 04428 

0.74141 

9 

1.4700--03 

1.2627*400 

1. 00027 

0.99545 

0.7593* 

0.77537 

1.04256 

0.  74  393 

10 

1 • 6  600  *~0  3 

1.2637*400 

0.99978 

0.99536 

0.76047 

0.77657 

1.0*225 

0. 745CS 

11 

1.8600--03 

1.2755*400 

1. 00084 

0.99649 

0.77820 

0. 79132 

1-04065 

0. 76153 

12 

2.0500--03 

1.2785*400 

0.97975 

0.9952? 

0. 79008 

0.76503 

1  -0  3569 

0. 76522 

13 

2  •  5400  *-03 

1 .2887*400 

1. 00049 

0.99668 

0. 79301 

0.80786 

1.03730 

0. 77801 

14 

3 . 0300  *-03 

1. 2991 **00 

1. 00006 

0.99619 

0.80595 

0.81990 

1.03490 

0.7 3229 

15 

3.5200--03 

1. 3086*400 

1.00017 

0.99611 

0.81759 

0.83113 

1.03318 

0. 804*2 

16 

4.0100--03 

1.32 62*400 

1. 00190 

0.99850 

0. 82645 

0. 840  35 

1.03343 

0. 91463 

17 

4.4900 *-03 

1.3272*400 

0. 99966 

9 , 9963  9 

0.83959 

0.85158 

1.02879 

0. 82  74  a 

18 

4.9800*-03 

1. 3362*400 

1.00015 

0.99721 

0. 84994 

C. 341*1 

1 • C  2767 

0.83*54 

19 

5.4700--03 

1.3419*400 

0.99969 

0.9971 3 

0.85640 

0.86763 

1.02639 

0 . 84  50  6 

20 

5.9600--03 

1.3534*400 

1.00143 

0.999C l 

0. 86934 

0.88047 

1.02576 

0-85953 

21 

6.4500--03 

1.3628*400 

0.97927 

0.99T28 

0. 87969 

0.83929 

1.02195 

0. 96966 

22 

6. 9400  *-03 

1, 3785*400 

0.99940 

0.99754 

0. 89651 

0.90493 

1.01889 

0.88762 

23 

7.4200--03 

1. 3724*400 

1. 00244 

1. OOOu  y 

0.89004 

0.90012 

1.02278 

0.08221 

24 

7, 9100 *-03 

1.3724*400 

1. 00244 

1.00007 

0.89004 

0.90012 

1 ■ 0  2  2  78 

0.38221 

25 

8 .4000 "-03 

1. 3334"*00 

1. 00104 

0.99941 

0.97169 

0.91055 

1.01977 

0.89383 

26 

8. 8900  *- 03 

1.3983*400 

1. 00061 

0 . 99895 

0. 91721 

0. 92459 

1.01616 

0 . 91044 

27 

9, 3800"- 03 

1.4124*400 

1.00058 

0.99944 

0.93144 

0.93783 

1.01377 

0. 92  563 

28 

9 . 8700"- 0  3 

1.6124*400 

1.00058 

0.9  794  4 

0.93144 

0.91703 

1.01377 

0.92  56  3 

29 

1 • 0  360 0  2 

1.4347*400 

1. 00094 

1.00040 

0.95343 

0. 95829 

1.01022 

0.94948 

30 

1*  0840"- 02 

1.4455*400 

1.00165 

1.00094 

0. 96373 

0.96791 

1 .0*859 

0.96124 

31 

1.1 330"-02 

1.4482*400 

0.99877 

0. 99860 

0.96636 

0.9691 1 

1.00570 

0.96244 

32 

1.1820 "-02 

1.4647*400 

0. 99956 

0.99955 

0.93189 

0.93355 

1.00339 

0.97979 

33 

1.231O--02 

1.4647*400 

0.  99956 

0.99955 

0.98189 

0.99355 

1,00319 

0. 97979 

34 

1 . 2800*- 02 

1.4746*400 

1.00060 

1.00077 

0.99094 

0.99238 

1.00290 

0.99010 

0  35 

1. 3290--O2 

1.4845*400 

1. 00000 

1.00000 

1.00000 

2.00000 

1.00000 

1.00000 

36 

1 ,3770"“0  2 

1.6889*400 

1. 00023 

1.00029 

1.00398 

1.00361 

0.99946 

1.0043  8 

37 

1 .4  260*-02 

1.4932*400 

1.00065 

1.00059 

1.00776 

1.03722 

0.99093 

1.00876 

18 

1.4 7 50"- 02 

1.6976*400 

1.  00069 

1.0008? 

1.01164 

1.01083 

0.99339 

1.01315 

? 
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SECTION  D.  WALL  PRESSURE  AND  PEAK  MACH  NUMBER  BEFORE  SHOCK 
(Facsimile  from  authors'  tables) 
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M(inf):  2.89,  falling  to  2.4 
R  Theta  k  10-3:  80  upstream 
TW/TR:  1.11 


8601 
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Blowdown  tunnel  with  synetrical  contoured  nozzle.  Max.  running  time 
■inuteaM ,  normally  60  seconds.  W  =  H  =  203  mm,  L  up  to  2.7  m. 

PO.  0.67  MN/m*.  TO:  270  K.  Air.  Re/m  *  10“6:  63. 
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FERNANDO  E.M. ,  SMITS  A.J.,  1986.  A  data  compilation  for  a  supersonic  turbulent 
boundary  layer  under  conditions  of  an  adverse  pressure  gradient.  Princeton,  Gas 
Dynamics  Lab.  Rep.  MAE  1746. 

And:  Fernando  A  Smits  (1987),  A.J.Smits,  private  coanuni cat  ions,  data  tape. 


1  The  general  arrangements  for  the  experiment  were  as  for  the  CCF  tests  described  in 
CAT7904T,  q.v..  The  test  surface  however  was  flush  with  the  tunnel  floor,  starting 
0.902  a  from  the  nozzle  exit  (X  =  0).  A  wave  generator  was  mounted  in  the  free  stream  to 
provide  a  longitudinal  pressure  gradient  identical  to  that  measured  on  the  curved  ramp, 
model  2,  of  CAT8401T.  The  co-ordinates  for  this  are  given  in  the  source  paper.  The  pressure 
gradient  started  at  about  X  =  1.0  m,  a  little  upstream  of  the  9tart  of  the  curvature  in 

5  the  ramp  experiment.  The  two-dimensionality  of  the  flow  was  checked  by  spanwise  surveys 
of  the  mean  flow  quantities  at  the  X-value  of  profile  08. 

6  Wall  pressure  was  measured  at  47  X-stations  along  the  centreline,  and  at  numerous  points 
25.4  and  50.8  sn  to  the  side.  Wall  shear  stress  was  measured  with  a  Preston  tube  (d  = 

1.6  mm)  at  10  values  of  X,  and  at  a  further  8  stations  across  the  surface  at  X  =  0.4191  m, 

5  corresponding  to  profile  0108.  The  transverse  variation  was  +/-  8%.  Velocity  profiles 

8  were  measured  at  the  same  18  positions.  The  X-values  are  given  in  section  B.  Normal  wire 
turbulence  profiles  were  obtained  at  the  10  profile  stations  along  the  centre  of  the 
floor. 

7  The  mean  flow  probes,  instrumentation  and  data  reduction  procedures  were  largely  as  for 
CAT7904,  except  that  the  traverse  gear  was  mounted  on  doubly  eccentric  plugs  inserted  in 
the  test  wall  rather  than  on  long  supports  passing  through  the  tunnel  roof,  and  the 
probes  were  in  consequence  of  ’'goose-neck”  form.  Turbulence  measurements  were  made  with 
normal  hot  wires  only,  operating  in  the  constant-temperature  mode  and  using  a  DISA  55  M  10 
anemometer.  The  copper-plated  soft-soldered  sensor  wires  (d  =  5  jm,  active  length  about 
0.8  mb)  were  slightly  slackened,  to  avoid  strain-gauging.  The  support  prongs  were  about 
2-3  ram  long  and  mounted  in  a  cylindrical  holder  (d  =  2.5-4  mm)  the  front  of  which  formed 

a  wedge  with  30*  included  angle.  (Smits  et  al.,  1983). 

12  The  editors  have  presented  the  profile  data,  0101-0110,  measured  on  the  centreline  of  the 
tunnel,  as  interpolated  to  the  hot-wire  measuring  positions  by  the  authors.  The  authors' 
D-state  has  been  replaced  by  a  state  selected  on  the  basis  of  the  total  pressure  profile, 
there  being  no  shock  waves  in  the  exterior  flow  adjacent  to  the  test  layer,  with  additional 
consideration  given  to  the  reported  turbulence  levels. 

§  Data:  86010101-10.  Pitot,  static  pressure  and  TO  profiles,  NX  =  10.  CF  from  Preston  tubes. 
Normal  hot-wire  profiles,  NX  =  8. 

15  Editors*  comments: 

This  is  one  of  a  series  of  experiments  designed  to  subject  boundary  layers  to  a  number  of 
perturbations  with  features  both  in  coim»on  and  in  contrast.  r he  streamwise  pressure 
gradient  here  is  the  same  as  for  the  curved  ramp  of  series  2,  CAT8401T,  but  without 
curvature.  The  "disturbance*1  of  the  layer  -  the  change  in  mean  pressure  level  -  is  the 
same  as  for  that  case,  and  also  the  more  abrupt  changes  of  series  1,  CAT8401T/7904T.  The 
choice  of  X-values  for  the  profiles  suggests  a  concentration  on  the  ’’recovery”  process 
rather  than  the  APG  flow  itself  -  01  is  about  halfway  through  the  pressure  rise,  05-10 
cover  a  region  in  which  the  pressure  actually  falls  slightly.  All  profiles  show  normal 
pressure-gradients  though,  this  being  a  reflected  wave  case,  they  are  not  very  strong. 

Zero  pressure  gradient  observations  using  the  same  instruments,  but  supported  from  the 
tunnel  roof  as  for  CAT7904T,  and  covering  a  range  of  X  from  1.07  to  1.53  m  on  the  same 
tunnel  floor  are  given  by  Spina  &  Smits,  CAT8603T. 
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The  authors’  D-state  is  based  on  a  5 %  deficit  in  specific  mass  flow  relative  to  an  ideal 
flow  computed  from  the  local  static  pressure  and  the  f ree-stream  total  pressure  (for  a 
discussion  of  the  implications  of  this  type  of  procedure,  see  §  9.2.2  above  and  AG253 
Ch7).  We  again  urge  the  desirability  of  basing  the  choice  of  edge  point  on  the  computed 
value  of  the  total  pressure. 

The  profiles  are  covered  in  fairly  fine  detail.  The  momentum  deficit  integrand  has  not 
reached  its  peak  as  the  wall  is  approached,  but  the  H12K  values  are  low  even  for  a  modest 
pressure  gradient.  Normal  pressure  gradients  are  present,  but  are  probably  small  enough 
for  integral  quantities  to  retain  their  conventional  meanings  with  acceptable  accuracy. 

The  profiles  fit  the  wall  law  reasonably  well,  with  a  tendency  to  lie  a  little  high, 

(fig.  10.1.4)  in  contrast  in  this,  and  in  the  extent  of  the  disagreement,  with  the 
profiles  for  series  2  of  CAT8401T  with  the  same  streamwise  pressure  gradient  on  a  curved 
wall  (fig.  10.2.3).  The  outer  law  plot  for  the  two  cases  is  very  similar  and  typical  of 
those  seen  in  modest  adverse  pressure  gradients,  (figs.  10.1.3,  10.2.5.) 

Earlier  investigations  in  similar  flows  are  reported  by  Kussoy  et  al. ,  CAT7802S,  with  hot 
wire  measurements.  Related  mean  flows  are  reported  by  Peake  et  al.,  CAT7102,  Lewis  et  al., 
CAT7201 ,  Thomas  CAT7401  and  Zwarts,  CAT7007. 

Fernando  &  Smits  (1987)  report  additional  measurements  in  this  boundary  layer  including 
crossed  wire  traverses  and  multiple  normal  wire  observations  aimed  at  elucidating  the 
large-scale  structure  of  the  flow. 
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R'JN 

X  « 

ID  * 

P00 

TOO 

TU/TR 

PW/PO 

TAUW  * 

RED2W 
*8  02-3 

02 

CF 

CO 

PI  2 

H12 

H32 

H4  2 

hi 

M32X 

D  2  X 

PA* 

14* 

UD* 

P)a 

T  J 

T9 

8*010101 
1.1510  — QO 
INFINITE 

2.4530 
6.7221  —  05 
2.7Q74— 02 

1.1073 

0.9823 

l.5170"402 

3.  9995-404 
3.8493-404 

1. 3004--03 

9.  9  203—0* 
NN 

NN 

5. 3056 
1.9386 
-0.172  6 

1.2775 

1.3233 

1. 9617--03 

3 . 0490-404 
2.8156-402 
5.6*05-402 

3  •  l  3  J  l-  ♦  34 

1  .1  2  4  5-4 C : 

2.5429-40, 

84010102 

1.1720—00 

INFINITE 

2.4190 
6.7086—0  5 
2.7477—0 2 

1.1065 

0.9634 

1.5630-402 

4. 1763-404 
3.0345-404 
1.3415  —  0  3 

9.9637--04 

NN 

NN 

5.0535 

1.9320 

-0.1*63 

1.2 »83 
1.3179 
1.9972--03 

3.1500-40* 
2. 3576-402 
5.6509-402 

3.26*7  —  94 
1.1590  —  22 
2.5^25-402 

84010103 
1.1979—00 
INF  TNITE 

2.S750 
4.4707-405 
2.711 3—02 

1.1055 

1.0314 

1.5600-412 

4.7620-404 
1.0197-405 
1.4523-- 03 

9.6721—0* 

NN 

NN 

4.43*8 

1.3192 

-0.13*0 

1.3191 

1.80*9 

2 . 0  06  3"  -0  3 

3.  53  39-40* 
2. 3197-402 
5.$73>  — C2 

3.4753-404 
1.1654  —  02 
2. $506-402 

340  tO 10  4 

1.2220—00 

inFiNtre 

2.5330 
6.7051  —  05 
2.4921 —  02 

1.1046 

1.0700 

2. 5790-4J2 

5.4012-404 

1.1378-405 

1. 5612--03 

9. 4  299- -04 
NN 

NN 

3.3003 

1.9090 

-0.1201 

1.3301 

1.7640 

2.1 552--03 

3. 9890-404 
2. 7999-402 
S. 51*8-402 

3.7281-404 

1.1791*402 

2.5343-402 

8  •jO  10  10  5 

1.2*90—00 

INFINITE 

2.4900 

4. 7141  —  05 
2.662  9—02 

1.1035 

1.0741 

1.6390-402 

5.  79  98-404 

1, 2002-4  05 

1. 5834--03 

9.4620--04 

NN 

NN 

3.9790 
l.  3022 
-0.1277 

1.3474 

1.7995 

2.1 904--03 

*. 2970-404 
2. 7494-402 
5.4433-402 

3.9  912-404 

1 . 1 399-402 
2.5J96—02 

&  40  10  10  4 

1*2 7  30  —  00 

infinite 

2.4490 

6.7726*405 

2.4857-402 

1.1025 

1.0155 

1.6970-402 

5. 7964-404 
1*1791-405 

1. 5277--03 

9.4116  —  0* 
NN 

NN 

*.2739 

1.9086 

-0.131* 

1.3331 

1.7942 

2.1 35*"-0  3 

*. 3650-4C* 
2.7932-402 
5.4249-402 

*.2  '32-404 
1.2216-402 
2.5336-40’ 

84010107 
1.2990  —  00 
INFINITE 

2.4760 

6.7367-405 

2.5974-402 

1.1032 

1.0386 

1.7760-402 

5. 7634-404 
1.1854-405 

1. 5761--03 

1.0111" -0  3 
NN 

NN 

*.1206 

1.9139 

-0.1267 

1.3222 

1.8011 

2 . 2 1 36" -0  3 

*.2510-40* 
2. 8053-402 
5. *6*6-402 

4  .o  32  3-4C4 
1.2117-402 

2 . 5*29—q2 

84010108 

1.12*0—00 

INFINITE 

2.4760 

6.5459-405 

2.7067-402 

1.1032 

1.0309 

1 . 9200-402 

5.  395*- -40- 
1.1091-405 
l. S252--03 

1.0664--03 

NN 

NN 

4.1961 

1.9216 

-0.1326 

1.3039 

1.3100 

2. 1424--03 

*. 1000-404 
2.81*9-402 
5. *7*0-402 

3.9770-404 

1.2153-402 

2.5617-402 

84010109 
1.3*90  —  00 
INFINITE 

2.4200 

6.2586-405 

2.7354-402 

1.1018 

0.9551 

1. 8450-4.12 

4.9447-404 

9. 9159-404 

1. 4068 *-03 

l.  004*  — 03 
NN 

NN 

*.7100 
1.831* 
-0. 1379 

1*2759 

1.9198 

2.0  544--0  3 

3.9630-404 
2. e 443-402 
5. 4460-402 

4. 1493  —  0* 
1.2598-402 
2.5  31 9-4  Q2 

94010110 
1.3610" *00 
INFINITE 

2.5050 

6.9170-405 

2.6050-402 

1.1039 

1.0000 

1.  8*00-402 

5.  5233-404 
1.1768-405 
1.4713"— 03 

1.0429--03 

NN 

NN 

*.7111 

1.9312 

-0.1546 

1.2662 

1.3  202 

2.1 362--03 

4.0170-404 

2.7092-402 

5.3982-402 

4 .0  l7o  —  0* 
1.1552-402 
2.45*2-402 
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860101 02  FERNANQO/S*I?S  PROFILE  TABULATION  53  POINTS,  OELT A  AT  POINT  42 


r 

Y 

PT  2/P 

P/PD 

TO /TOO 

M/MO 

U/VD 

T/TO 

R/R06U/U0 

l 

0.0000**00 

1.0000 »*00 

0.96339 

1.03999 

0.00000 

o.ooooo 

2.46557 

0.00000 

2 

3*9700*- 

04 

2.3757*400 

0.96339 

1.02937 

0.45416 

0.62658 

1.90342 

0.31714 

3 

5.8160"- 

04 

2.5783*400 

0.96339 

1.028:5 

0.48014 

0.65348 

1.85239 

0.33986 

4 

7.7420*- 

04 

2.  7104*400 

0.96339 

1.02893 

0.49618 

0.67009 

1.82386 

0.35395 

5 

9.9080*- 

04 

2.9217*400 

0.96339 

1 .0  2792 

0.52063 

0.69398 

1.77680 

6 

1.2070*- 

03 

3.0808*400 

0.96339 

1.02786 

0.53820 

0.71080 

1.74427 

0.39259 

7 

1.4160*- 

03 

3.0318-400 

0.98748 

1.02783 

0.53285 

0.70571  . 

1.75406 

0. 39T29 

8 

1.5770*- 

03 

3.2060*400 

0.9*555 

1.02803 

0.55157 

0.72337 

1.71997 

0.41449 

9 

1.8010*- 

03 

3.3234*400 

0.98459 

1.02748 

-  0.56379 

0.73437 

1 . 6  96  68 

0.42616 

10 

2.0020*- 

03 

3.3644*400 

0.98266 

1.02674 

0.56799 

0.73790 

1.68778 

C. 42962 

11 

2.2190*- 

03 

3.  4436*'*GQ 

0.98266 

1.02699 

0.57601 

0.74517 

1.67359 

0.43753 

!2 

2.4270*- 

03 

3.4971-400 

0.97977 

1.02653 

0.58136 

0.74974 

1.66316 

0.44167 

13 

2.8850*- 

03 

3. 6767-400 

0.97881 

1.025  98 

0.59893 

0.76480 

1.63057 

0.45910 

14 

3.3020*- 

03 

3.84  97-400 

0.98266 

1.02673 

0.61536 

0.77819 

1.59928 

0.47815 

15 

3.6870*- 

03 

3.9195*400 

0.98362 

1.02506 

0.62185 

0.78370 

1.59828 

0.48534 

16 

4.0000*- 

03 

4.0110*400 

0.98555 

1.02620 

0.63025 

0.79024 

1.57213 

0.49539 

17 

4.4180*- 

03 

4.0699*400 

0.99037 

1  •  0  2  3  *>  0 

0.63560 

0.7942S 

1.56167 

0.50371 

18 

4.8910*- 

03 

4.2368*400 

0.98748 

1.02325 

0.65050 

0.60602 

1.53534 

0.518*0 

19 

5.3400*- 

03 

4.4211*400 

0.98555 

1.02295 

0*66654 

0.81828 

1.50712 

0.53509 

20 

5.7020"- 

03 

4.4701*400 

0.98362 

1.02138 

0.67074 

0. 02108 

1.49852 

0.53895 

21 

6.0230*- 

03 

4.6558-400 

0.98266 

1.02145 

0.68640 

0.83261 

1.47137 

0.55606 

22 

6.4160*- 

03 

4.7526-400 

0.98362 

1.02132 

0.69442 

0.83842 

1.45773 

0 . 56574 

23 

7.2180*- 

03 

5.0885*400 

0.98362 

1  •  0 1 9  9  7 

0.72154 

0.85711 

1.41108 

0.59747 

24 

8.1090*- 

03 

5.2591*400 

0.98844 

1.01894 

0.73491 

0.86584 

1.38904 

0.61657 

25 

8.9280*- 

03 

5.4679*400 

0.  98940 

1 .0181 8 

0.75095 

0.87622 

1.36144 

0.63678 

26 

9.6500*- 

03 

5. 7227*400 

0.98844 

1.01722 

0.77005 

0.88816 

1.33028 

0.65993 

27 

1.0440*- 

02 

5.9417-400 

0.98844 

1.01629 

0.78610 

0.89782 

1.30445 

0.60032 

28 

1.1220*- 

02 

6.2095*400 

0.98748 

1.01694 

0.80519 

0.90883 

1.27397 

0.70445 

29 

1.2120*- 

02 

6  .  5  9  96  -4  0  0 

0.  98  55  5 

1.01370 

0.83231 

0.92409 

1.23269 

0.73882 

30 

1.2960*- 

02 

6.7560-4 00 

0.97977 

1.012T7 

0.84301 

0.92970 

1.21624 

0.7*894 

31 

1.3660*- 

02 

7.0829*400 

0.97592 

1.01165 

0.86478 

0.94102 

1.19408 

0.77558 

32 

1.4460"- 

02 

7.3291*400 

0.97110 

1.01032 

0.88083 

0.94922 

1.16133 

0.79373 

33 

1.5260*- 

02 

7.58  60*400 

0.96532 

1.00941 

0.89725 

0.95701 

1.13764 

0.81205 

34 

1.6110*- 

02 

8.0207*400 

0.96635 

1.00826 

0.92437 

0.96989 

1.10091 

0.84959 

35 

1.7020--02 

9.1957*400 

0.96339 

1.00712 

0.93506 

0.97446 

1.08603 

0.86442 

36 

1.7690*- 

02 

8.3728*400 

0.97013 

1.00641 

0.94576 

0.97913 

1.07181 

0.88625 

37 

1.8470--02 

8.6034-400 

0.98073 

1.00533 

0.95951 

0.98494 

1.05371 

0.91672 

38 

1.9260*- 

02 

8.8308-400 

0.99037 

1.00433 

0.97288 

0.99045 

1.03644 

0. 94  64  2 

39 

2.0150*- 

02 

8.92 27*400 

0.99807 

1.00317 

0.97823 

0.99221 

1.02880 

0.96258 

40 

2 .0  990"-02 

9. 015l**00 

1.00193 

1.00203 

0.98358 

0.99398 

1.02126 

0.97516 

41 

2.1730*-02 

9.2001*400 

1.00193 

1.00101 

0.99465 

0.99824 

1.00722 

0.99299 

0  42 

2. 2490"-02 

9.3020*400 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

43 

2.4050*-02 

9.30 20"*00 

0.99229 

0.99772 

1.00000 

0.99886 

0.99772 

0.99343 

44 

2.5720"-02 

9.4914-400 

0.98362 

0.99586 

1.01070 

1.00239 

0.98363 

1.00238 

45 

2.7310*- 

02 

9.4914-400 

0.97977 

0.99390 

1.01070 

1.00135 

0.98159 

0.99949 

46 

2.8850”-02 

9.5391-400 

0.98170 

0.99162 

1.01337 

1.00135 

0.97642 

1.00676 

47 

3.0550*-02 

9.5391*400 

0.97891 

0.99013 

1.01337 

1.00062 

0.97500 

1.00453 

48 

3. 2020"-02 

9.6348*400 

0.96917 

0.99017 

1.01872 

1.00280 

0.96901 

1.00290 

49 

3.3590"-02 

9.6348*400 

0.95915 

0.99017 

1.01872 

1.00280 

0.96901 

0.99261 

50 

3.5i80"-02 

9.6828*400 

0.95395 

0.99009 

1.02139 

1.00384 

0.96594 

0.99139 

51 

3 . 6780  *-02 

9. 7379-400 

0.95915 

0.99011 

1.02445 

1.00509 

0.96257 

1.00152 

52 

3,8600*-02 

9.6828*400 

0.96724 

0.99009 

1.02139 

1.00384 

0.96594 

1.00520 

53 

3 • 9980"-02 

9. 5869*400 

0.97638 

0.99027 

1.01604 

1.00177 

0.97209 

1.00670 
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86010X04  FERNANDO/S *11 TS  PROFILE  TABULATION  53  POINTS,  DELTA  AT  POINT  *1 


I 

r 

P72/P 

P/P9 

TO/TOO 

M/MD 

U/UD 

T/TD 

R/RD4U/UD 

1 

0.0000"*00 

1.0000**00 

1.06998 

1.04003 

0.00000 

0.00000 

2. 37461 

0.00000 

2 

3.4700"- 

04 

2. 0276"*00 

1.06998 

1.02871 

0.41769 

0.57863 

1.91913 

0.32261 

3 

4.8340"- 

04 

2.2198*400 

1.06998 

1.02793 

0.44730 

0.61126 

1. 86752 

0.35022 

4 

7.0800"- 

04 

2. 3757*400 

1.06998 

1.02796 

0.46940 

0.63495 

1.82971 

0.37130 

5 

8.7650"- 

04 

2.4693"400 

1.06999 

1  .02745 

0.43204 

0.64800 

1.80713 

C.  38367 

6 

1.1090"- 

03 

2.6092*400 

1. 06998 

1 .02737 

0.50020 

0.66653 

1.77563 

0.40164 

7 

1.2940"- 

03 

2. 7104*400 

1.06998 

1.02707 

0.51233 

0.67905 

1.75332 

0.41440 

8 

1 .4940"- 

03 

2. 7329*400 

1.09245 

1.0270  3 

0.51559 

0.6B179 

1.74958 

0.42596 

9 

1.6950"- 

03 

2.7784*400 

1.09031 

1.02639 

0.52112 

0.68705 

1.73821 

0.43096 

10 

1 .8710"- 

03 

2.8377-4Q0 

1.08924 

1.02577 

0.52823 

0.69369 

1.72458 

0.43813 

11 

2.1040"- 

03 

2. 9558*400 

1.03603 

1.0265*1 

0 . 54205 

0. 70  716 

1. 70201 

0.45123 

12 

2.3130"- 

03 

2. 9558*400 

1.08496 

1.02533 

0.54205 

0.70695 

1.70100 

0.45092 

13 

2.6170"- 

03 

3. 1307*400 

1.07961 

1.02519 

0.56731 

0.73021 

1 . 65674 

0.47564 

14 

2.9940"- 

03 

3. 2864*400 

1.07640 

1.02437 

0.57376 

0.74011 

1.63527 

C. 4871 6 

15 

3.4520"- 

03 

3.3906*400 

1.07747 

1.02374 

0.53931 

0,74979 

1 .616  92 

0.4999  1 

16 

3.9250"- 

03 

3.4971*400 

1.07533 

1 . 0  2  3o0 

0.600  37 

0.75937 

1.59715 

0.51127 

17 

4.2380"- 

03 

3. 6490*400 

1.07533 

1.02252 

0.61627 

0.77221 

1.57013 

0.52886 

18 

4.6070"- 

03 

3. 7324*400 

1.07533 

1.02234 

0 .62456 

0.77916 

1.55635 

0.53834 

19 

5.0320"- 

03 

3. 8050*400 

1.07426 

1.022C3 

0.63166 

0.78474 

1.54340 

0.54620 

20 

5.5300"- 

03 

3. 9651*400 

1.06805 

1.02108 

0.64706 

0.79634 

1.51655 

0.56119 

21 

5.9070"- 

03 

4.1294*400 

1.06698 

1.02062 

0.66246 

0 . 80834 

1.49078 

0. 57890 

22 

6.2840"- 

03 

4. 1764*400 

1.06377 

1.01930 

0.66630 

0.81190 

1.49256 

0.53255 

23 

7.1260"- 

03 

4.4336*400 

1.05521 

1.0192  3 

0.69443 

0.83263 

1.43762 

0.61115 

24 

7.7920"- 

03 

4„ 75  26*4  00 

1.05307 

1.0180? 

0.71773 

0 .84916 

1.39978 

0.63833 

25 

8.7070*- 

03 

4.93  30*400 

1.04933 

1.017-4 

0. 73707 

0. 9622  1 

1.36839 

0.66117 

26 

9.4610"- 

03 

5. 2591*400 

1.04740 

1.01577 

0.75957 

0.87694 

1.33261 

0.6891  3 

27 

1.0260"- 

02 

5.5437*400 

1.0W72 

1.01433 

0.73208 

0.89095 

1.29779 

0.71927 

28 

1.1120"- 

02 

5.7227*400 

1.05254 

1.013  $6 

0.79589 

0.89957 

1.27692 

0.74133 

29 

1.1840"- 

02 

6.1703*400 

1.05931 

1.01290 

0.82945 

0.91926 

1.22828 

0.7931 8 

30 

1.2770"- 

02 

6.2344*400 

1.06993 

1.01173 

0.83774 

0.92*58 

1 • 2 ' 543 

0.81306 

31 

1.3480"- 

02 

6.4018*400 

1.07*03 

1 .0! 073 

0.85195 

0.93126 

1.1 9485 

0.83477 

32 

1.4350"- 

02 

6.6771*400 

1.06454 

1.00973 

0.8 5577 

0.93953 

1.1 7513 

0.  9  5  C  4  4 

33 

1.5150"- 

02 

7.  1645-400 

1.06002 

1.00835 

0.89933 

0 .95589 

1.12975 

0.89690 

34 

1.5870"- 

02 

7.2378*400 

1.05468 

1.00773 

0.907  62 

0.95989 

1.11851 

0.92  51  1 

35 

1.6790"- 

02 

7.6707*400 

1.04553 

1.0062' 

0.932  39 

0  .97190 

1.08538 

0.93626 

36 

1.7540"- 

02 

7. 3346*400 

1.03702 

1.00541 

0.94670 

0.97821 

1.06767 

0.95013 

37 

1.8330"- 

02 

3. 0642*400 

1.02839 

1.00417 

0.95815 

0.98305 

1.05265 

0.95036 

38 

1.9170"- 

02 

8.  32  33*400 

1.0  2172 

1.00323 

0.97473 

0.99032 

1.03223 

0.99024 

39 

1.9860"- 

02 

8. 50 69*400 

1.01594 

1.002 30 

0.99579 

0.99494 

1.01846 

0.99228 

40 

2.0800"- 

02 

8.5533*400 

1.00449 

1.000  ?4 

0.93895 

0.99558 

1.01346 

C. 98677 

0  41 

2.1560"- 

02 

8.7395*400 

1.00000 

1.000)0 

1.00000 

1.00000 

1. 00000 

l. 00000 

42 

2.2360"- 

02 

8. 7395*400 

0.99326 

0.99874 

1.00000 

0.99937 

0.99374 

0.99389 

43 

2.3950"- 

02 

8. 3767*400 

0.98202 

0.997)1 

1.00829 

1.00211 

0.98777 

0.99623 

44 

2.5580"- 

02 

8.9227*400 

C. 97421 

0 . 9  94  6  5 

1.011)5 

1. 00211 

0.93238 

0.99373 

45 

2.7170"- 

02 

9.0151*400 

0.96908 

0  .992  30 

1.01658 

1.00356 

0.97458 

0.99791 

46 

2.8760"- 

02 

9.0151*400 

0.96458 

0.99 032 

1.01658 

1.00253 

0. 97254 

0.99432 

47 

3.0320*- 

02 

9.0615*400 

0. 96191 

0.98913 

1.01934 

1.00294 

0.96788 

0.99665 

48 

3.1880"- 

02 

9.0615*400 

0.95442 

0.98913 

1.01934 

1.00294 

0.96788 

0.98889 

49 

3.3420"- 

02 

9.1613*400 

0.94254 

0.98901 

1 .02527 

1.00526 

0.96136 

0.98559 

50 

3.5020*- 

02 

9.1613*400 

0.92938 

0. 98901 

1.02527 

1.00526 

0.9  6136 

0.97182 

51 

3.6610"- 

02 

9. 2550*400 

0.92831 

0.98863 

1.0  30  79 

1.00737 

0.95507 

0.9791 5 

52 

3.8170"- 

02 

9.2031*400 

0.93644 

0.98831 

1.02803 

1.00632 

0.95820 

0.98346 

53 

3.9750"- 

02 

9.1613-400 

0.94233 

0.93901 

1.02527 

1 .00S26 

0.96136 

0.98536 

8601-03 


12H-5 


86010106  FERNANOO/SNltS  PROFILE  TABULATION  53  POINTS.  OELTA  AT  POINT  42 


I 

r 

P7  2/P 

P/PD 

TO/TOD 

H/ND 

u/uo 

T/TD 

*/R0*U/U0 

1 

0.0000-+00 

1.00  00"*  00 

1.01554 

1.04001 

0.00000 

0.00000 

2.28651 

0.00000 

2 

3.9700*- 

04 

2. 03 73 •♦00 

1.01554 

1.02937 

0.43382 

0.58952 

1.84658 

0.32421 

3 

5.2540"- 

04 

2. 2279-+00 

1.01554 

1.02960 

0.46405 

0.62246 

1.79923 

0.35133 

4 

7.0990*“ 

04 

2.3557"*00 

1.01554 

1.02961 

0.48284 

0.64225 

1.76925 

0.36864 

5 

9.4250*- 

04 

2.  41  92  *♦  00 

1.01554 

1  .0  2798 

0.49183 

0.65102 

1.75208 

0.37734 

6 

1.1510"- 

03 

2. 5233 •♦00 

1.01554 

1.02836 

0.50613 

0.66567 

1.7Z980 

0.39090 

7 

1.3680"- 

03 

2. 5875  *-*00 

1.01554 

1.02861 

0.51471 

0.67433 

1.71644 

0.39897 

8 

1.5440*- 

03 

2.6880"+00 

1.01960 

1.02753 

0.52778 

0*68-695 

1.69414 

0.41343 

9 

1.7690"- 

03 

2.7556**Q0 

1.01462 

1.02790 

0.53636 

0.69529 

1.69047 

0.41990 

10 

1.9130*- 

03 

2.8145"*00 

1.01320 

1.02730 

0.54371 

0.70214 

1.66768 

0.42659 

11 

2.1220"- 

03 

2.8980"^00 

1.01279 

1.02637 

0.55392 

0*71166 

X. 65061 

0.43666 

12 

2.3470*- 

03 

2*  9081 "4 00 

1.01086 

1.02695 

0.55515 

0.71283 

1.64877 

0.43704 

13 

2.7560*- 

03 

3. 0422"+  00 

1.00579 

1.02633 

0.57108 

0.72738 

2.62230 

0.45096 

14 

3.1650*- 

03 

3. 13Q5"+00 

1.00416 

1 .0  25  50 

0.53129 

0.73636 

1.60472 

0.46078 

15 

3.4300*- 

03 

3.2716"^00 

1.00091 

1.024)9 

0 .59722 

0.75037 

1.57864 

0.47576 

16 

3.8550*- 

03 

3.  34  94  "■♦00 

1.00254 

1.02525 

0.60580 

0.75797 

2.56546 

0.48542 

17 

4.3520*- 

03 

3.4284"*00 

1.00457 

1.02460 

0.61438 

0.76513 

1.5  5096 

0.49558 

18 

4.7930"- 

03 

3. 5667"+  00 

1.00528 

1.02331 

0.62908 

0.77711 

1.52598 

0.51194 

19 

5.1300*- 

03 

3.6925-+00 

1.00508 

1.02292 

0.64216 

0.78781 

1.50507 

0.52609 

20 

5.4350"- 

03 

3.7888"^00 

1.00619 

1.02328 

0.65196 

0.79594 

1.49044 

0.53734 

21 

5.8200*- 

03 

3*  84  97*^00 

1.00812 

1.02199 

0.65809 

0.80032 

1.47897 

0.54553 

22 

6.3740*- 

03 

3. 9361 •♦00 

1.00599 

1 .02140 

0.66667 

0.80695 

1.46514 

0.55407 

23 

7.0560*- 

03 

4. 1764"^00 

1.00386 

1.02012 

0.68995 

0.82449 

1.42803 

0.57959 

24 

7.9780*- 

03 

4.3591-+00 

1.00112 

1.01923 

0.70711 

0.83701 

1.40115 

0.59804 

25 

8.6840"- 

03 

4. 7202 *♦ 00 

1.00020 

1.01813 

0.73979 

0.86011 

1.35173 

0.636*3 

26 

9.5350"- 

03 

4.983O»+0O 

1.00020 

1.01752 

0.76266 

0.87562 

1.31814 

0*66442 

27 

1.0370*- 

02 

5.2247»^O0 

1.00162 

1.01628 

0.73309 

0.88866 

1.28781 

0.69118 

28 

1.1060*- 

02 

5. 3978"^00 

1.00162 

1.015*5 

0.79739 

0.89754 

1.26698 

0.70956 

29 

1.2030*- 

02 

5.6149">00 

1.00112 

1.01367 

0.81495 

0.90781 

1.24087 

0.7)241 

30 

1.2750*- 

02 

5. 9417"^0O 

1.00203 

3.01340 

0.84069 

0.92332 

1.20624 

0. 76791 

31 

1.3550"- 

02 

6. 2464 •♦00 

1.00457 

1.01201 

0.86397 

0.93626 

1.17433 

0.80091 

32 

1.4470*- 

02 

6.3608 ■♦OO 

1.00782 

1.01096 

0.87255 

0.94064 

1.16217 

0.81571 

33 

1.5130*- 

02 

6.6771"^00 

1.00853 

1.00974 

0.89583 

0.95294 

1.13156 

0.84933 

34 

1.6060"- 

02 

6.9155"^00 

1.00995 

1.00867 

0.91299 

0.96160 

1.10933 

0.87546 

35 

1.6760*- 

02 

7.1236"^00 

1.01391 

1.00737 

0.92770 

0.96888 

1.09075 

0.90062 

36 

1.7570*- 

02 

7. 4122**00 

1.01757 

1.00663 

0.94771 

0.97840 

1.06580 

0.93412 

37 

1.8460”- 

02 

7. 5860 "♦OO 

1.01858 

1.00542 

0 • 959  56 

0.98364 

1.05081 

0.95347 

38 

1.9140"- 

02 

7.7132«^00 

1.016S5 

1.00451 

0.96814 

0.98749 

1.04037 

0.96498 

39 

2.0070*- 

02 

7.0846*^OO 

1.01229 

1.00353 

0.97958 

0.99230 

1.02615 

0.97889 

40 

2.0770*- 

02 

7.9?10"^00 

1.01066 

1.00244 

0.98529 

0.99444 

1.01865 

0.98664 

41 

2.1*00”- 

02 

8.1079"^00 

1.00741 

1.00117 

0.99428 

0.99797 

1.00743 

0.99795 

0  42 

2.2480*- 

02 

8.1957*^00 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

43 

2.3990*- 

02 

8.  2840"*00 

0.93812 

0.99804 

1.00572 

1.00160 

0.99183 

0.99795 

44 

2.561 0"-O2 

8.3728"^00 

0.97461 

0.99592 

1.01144 

1.00310 

0.98359 

0.99395 

45 

2.7300*- 

02 

8.4173"^00 

0.96649 

0.99333 

1.01430 

1.00332 

0.97846 

0.99103 

46 

2. 8740*- 

02 

8.4173*^00 

0.95532 

0.99192 

1.01430 

1.00235 

0.97658 

0.98052 

47 

3.0450--02 

8.5069"^00 

0.93622 

0.99033 

1.02002 

1.00406 

0.96897 

0.97013 

48 

3.2000*- 

02 

8.6034"^0C 

0.91733 

0.99012 

1*02614 

1.00663 

0.96233 

0.95956 

49 

3.3500*- 

02 

8.  64  86"^ 00 

0.90667 

0.99021 

1.02900 

1.00791 

0.95943 

0.95249 

50 

3.5180"- 

02 

8.6940 "400 

0.89895 

0.99031 

1.03186 

1.0Q920 

0.95655 

0.94843 

51 

3.6630*- 

02 

8. 6940*400 

0.89387 

0.99031 

1 .03I86 

1.00920 

0.95655 

0.94307 

52 

3.8300"- 

02 

8.6940*400 

0.83433 

0.99031 

1.03186 

1.00920 

0.95655 

0.93300 

53 

3.9870"- 

02 

9.7851*400 

0.87032 

0.99013 

1.03758 

1.01155 

0.95045 

0.92626 

1 2H'6 


X60K'-4 


86010103  PERNANDO/SHITS  PROFILE  TABULATION  53  POINTS,  DELTA  AT  POINT  42 


I 

T 

PT2/P 

P/PD 

TO/TDO 

M/ND 

U/UD 

T/TO 

«/RO*U/UO 

i 

0,0000**  00 

1. 0000-400 

1.03093 

1.03996 

0.00000 

0.00000 

2.31508 

0.00000 

2 

3.9700*- 

04 

2. 25 79 "400 

1.03093 

1.02919 

0.46325 

0.62390 

1.81363 

0.35460 

3 

5.1730*- 

04 

2.4901-400 

1.03093 

1.02931 

0.49596 

0.65805 

1.76043 

0.38536 

4 

7.8210"- 

04 

2.6531*400 

1.03093 

1.02931 

0.51737 

0.67954 

1.72518 

0.40608 

5 

9.3450"- 

04 

2.7915*400 

1.03093 

1.02855 

0.53473 

0.69624 

1.69531 

0.42339 

6 

1.1910"- 

03 

2.  96U-400 

1.03093 

1.02813 

0.54321 

0.70422 

1.68066 

0.43193 

7 

1.3200”-03 

2. 8845*400 

1.03093 

1.02836 

0.54604 

0.70699 

1 v  67639 

0.43478 

8 

1.5600*- 

03 

3.0318*400 

1.03072 

1.02721 

0.56341 

0.72284 

1.64604 

0.45263 

9 

1.76l0"-03 

3. 0562**00 

1.02515 

1.02706 

0.56624 

0.72540 

1.64117 

0.45312 

10 

1.9530"- 

03 

3. 1555*400 

1.02742 

1.02738 

0.57754 

0.73582 

1.62321 

0.46574 

11 

2.1220*- 

03 

3. 1807 "400 

1.02742 

1.02709 

0.58037 

0.73827 

1.61814 

0.46876 

12 

2.3380"- 

03 

3.1951-400 

1.02216 

1.02651 

0.58199 

0.73955 

1.61474 

0.46815 

13 

2.6510"- 

03 

3.2974*400 

1.02165 

1.02643 

0.59330 

0.74955 

1.59609 

0.47978 

14 

3.1730"- 

03 

3.3382-400 

1.02010 

1.02535 

0.59774 

0.75306 

1.53722 

0.48399 

15 

3.4620"- 

03 

3.4971-400 

1.02412 

1.02510 

0.61470 

0.76764 

1.55949 

0.50411 

16 

3.8950"- 

03 

3.5940-400 

1.02639 

1.02472 

0.62480 

0.77604 

1.54273 

0.51631 

17 

4.3680"- 

03 

3. 5783*400 

1.02318 

1.02437 

0.62318 

0.77455 

1.54479 

0.51602 

18 

4.7610"- 

03 

3.7485*400 

1.03093 

1.02333 

0.64055 

0.75859 

1.51566 

0.53639 

19 

5.1300"- 

03 

3. 8497-+00 

1.02918 

1.02253 

0.65065 

0.79647 

1.49047 

0.54703 

20 

5.4590"- 

03 

3.9361-400 

1.02515 

1.02258 

0.65913 

0.80328 

1.43522 

0.55445 

21 

5.8760"- 

03 

4.0110*400 

1.02361 

1.02150 

0  .66640 

0.80860 

1.47230 

0.S6217 

22 

6.3580"- 

03 

4.2368*400 

1.02041 

1.02113 

0.68780 

0.82498 

1.43967 

0.58514 

23 

7 .088Q"-03 

4.4078*400 

1.01887 

1.02010 

0.70355 

0.83637 

1.41318 

0.60300 

24 

7.9700"- 

03 

4. 5873*400 

1.01258 

1.01936 

0.71971 

0.84786 

1.33781 

0.61861 

25 

8.6920"- 

03 

4.8178*400 

1.01237 

1.01822 

0.73990 

0.86169 

1.35628 

0.64319 

26 

9.5910"- 

03 

4.9830 *400 

1.01082 

1.01734 

0.75404 

0.37105 

1.33444 

0.65931 

27 

1.0380"- 

02 

5.2591-400 

1.01031 

1.01599 

0.77706 

0.38584 

1.29957 

0.63867 

28 

1.1090"- 

02 

5.5083*400 

1.01103 

1.01472 

0.79725 

0 .89829 

1.26951 

0.71539 

29 

1.2040"- 

02 

5.6866*400 

1.00979 

1.01373 

0.81139 

0.90669 

1.24871 

0.73322 

30 

1.2750"- 

02 

5.9049-400 

1.01391 

1.012)8 

0.82835 

0.91669 

1.22467 

0.75886 

31 

1.3590"- 

02 

6.2085*400 

1.01258 

1.01168 

0.85137 

0.92967 

1.19240 

0.789^7 

32 

1.4450"- 

02 

6.4818*400 

1.01341 

1.01056 

0.87157 

0.94063 

1.16476 

0.81856 

33 

1.5210"- 

02 

6.7165*400 

1.00907 

1-00969 

0.89853 

0.94957 

1.14211 

0.83896 

34 

1.6030"- 

02 

6.9615*400 

1.00907 

1.00826 

0.90590 

0.95819 

1.11377 

0.86423 

35 

1.6760"- 

02 

7.2054*400 

1.00629 

1.00734 

0.92286 

0.96680 

1.09750 

0. 88645 

36 

1.7630"- 

02 

7.4122*400 

1.00474 

1.00646 

0.93700 

0.97330 

1.0  7898 

0.90633 

37 

1.8440"- 

02 

7.6707*400 

1.00423 

1.00548 

0.95436 

0.93138 

1.05742 

0.93201 

38 

1,9190"- 

02 

7.8846*400 

1.00278 

1.00465 

0.96850 

0.98776 

1.04018 

0.95225 

39 

2.0080"- 

02 

8.1518*400 

1.00000 

1.0030S 

0.99586 

0.99511 

1 . 0 1 8  84 

0.97671 

40 

2.0740"- 

02 

3.2398*400 

1.00155 

1.00215 

0.99152 

0.99723 

1.01156 

0.98736 

41 

2.1630"- 

02 

8.3283*400 

1.00175 

1.00106 

0.99717 

0.99925 

1.00418 

0.99684 

0  42 

2.2480"- 

02 

8.3728*400 

1.00000 

1.00000 

1  .00000 

1.00000 

1.00000 

1.00000 

43 

2,4080*- 

02 

8.4173*400 

1.02206 

0.99789 

1.09283 

1.00021 

0.99479 

1.01758 

44 

2.5610"- 

02 

8.*620"40Q 

1.03711 

0.99602 

1.00565 

1.00053 

0.93984 

1.04832 

45 

2.7350"- 

02 

8.284Q-400 

1.06186 

0.99332 

0.99435 

0.99436 

1.00003 

1.05584 

46 

2.8820"-02 

8.3283*400 

1.06392 

0.99170 

0.99717 

0.99457 

0  •  9  94  SO 

1.06368 

47 

3.0470"- 

02 

8.3283*400 

1.05876 

0.99022 

0.99717 

0.99383 

0.99330 

1.05932 

48 

3.2070"- 

02 

8.3728-400 

1.05258 

0.99024 

1.00000 

0.99511 

0.99024 

1.05775 

49 

3.3520"-02 

8.3728*400 

1.04845 

0.99024 

1.00000 

0.99511 

0.99024 

1.05361 

50 

3.5260*- 

02 

8. 3728*400 

1.05155 

0.99024 

1.00000 

0.99511 

0.99024 

1.05672 

51 

3.6760"-02 

8.2840*400 

1.05567 

0.99021 

0.99435 

0.99255 

0.99640 

1.05160 

52 

3.8380"-02 

8.2398*400 

1.06062 

0.99021 

0.99152 

0.99128 

0.99951 

1.05209 

53 

3.9980"- 

02 

8.19S7"400 

1.05092 

0.99023 

0.98869 

0.99000 

1.00265 

1.04744 

8601-05 


l?H-7 


86010109  FERNANOO/SNIIS  PROFILE  TABULATION  53  POINTS »  OELTA  AT  POINT  42 


I 

Y 

PT  2/P 

P/PO 

TO/TOO 

N/MO 

U/UD 

T/7D 

R/RDPU/UO 

1 

o.oooo-^oo 

l.OOOO-^OO 

0.95511 

1.04000 

0.00000 

0.00000 

2.25814 

0.00000 

2 

2.7T00--04 

2. 0895-400 

0.95511 

1.02911 

0.44752 

0.60206 

2.80992 

0.31771 

3 

4 .2 940 "-04 

2.4397-400 

0.95511 

1.02839 

0.50041 

0.65753 

1-72652 

0.36374 

4 

6.2200--04 

2.6311-400 

0.95511 

1*02913 

0 .52645 

0.68376 

1.68693 

0.38713 

5 

8.5470--04 

2.8278*400 

0.95511 

1.02791 

0.55165 

0*70762 

1.64539 

0.41076 

6 

1.1360--03 

2.9081*400 

0.95511 

1.02803 

0,56157 

0.?1697 

1.63004 

0.42011 

T 

1*3280 "-03 

2.9833*400 

0.96084 

1.02701 

0.57066 

0.72503 

1.61421 

0.43157 

8 

1.4960--03 

3.0808*400 

0. 95606 

1.02756 

0.58223 

0.73  578 

1.59701 

0.44048 

9 

1.7050--03 

3.1305*400 

0.95463 

1.02712 

0.58802 

0.74084 

1.53732 

0.44555 

10 

1.8820--03 

3.24 60*400 

0.95482 

1.02676 

0.60124 

0.75244 

1.56623 

0.45872 

11 

2.1220--03 

3.2570*400 

0.  95224 

1.02730 

0.60248 

0.75373 

1.56514 

0.45858 

12 

2.3390--03 

3.3382*400 

0.94861 

1.02622 

0.61157 

0.76126 

1.54943 

0.46607 

13 

2 • 7560 "-03 

3.4588*400 

0.95005 

1.02524 

0.62479 

0.77222 

1.52761 

0.48026 

14 

3.125O--03 

3.5240-400 

0.94671 

1.02577 

0.63182 

0.77835 

1.51763 

0.48554 

15 

3.5020--03 

3.5395*400 

0.94976 

1.02438 

0.63347 

0.77921 

1.51306 

0.48912 

16 

3.9030--03 

3.6490-400 

0.95606 

1.02431 

0.64504 

0.78878 

1.49532 

0.50432 

17 

4.3370*-OJ 

3.6925-400 

0.95702 

1.02329 

0*64959 

0.79211 

1.49695 

0.59981 

18 

4.7140--03 

3.8212*400 

0.95606 

1.02264 

0.66281 

0.80254 

1.46606 

0.52336 

19 

5 .06T0--03 

3.8907*400 

0.95606 

1*02292 

0.66983 

0.80823 

1.45592 

0.53075 

20 

5*  468O--03 

3.9818*400 

0.95463 

1.02173 

0.67893 

0.81490 

1.44066 

0.53998 

21 

5.8930--03 

4.1294-400 

0.95129 

1.02181 

0.69339 

0.82608 

1.4193$ 

0.55366 

22 

6.2860--03 

4.2368*400 

0.94976 

1.02111 

0.70372 

0.93360 

1.403 20 

0.56423 

23 

7.0970--03 

4.4389*400 

0.94546 

1.01931 

0.72273 

0.84715 

1.37394 

0.58295 

24 

7.9550--03 

4.5373*400 

0.94546 

1.01933 

0.73636 

0.85671 

1.35359 

0.59840 

25 

8.6770--03 

4.7526*400 

0. 94422 

1.01773 

0.75124 

0.866*9 

1.33038 

0.61499 

26 

9*6000 --03 

4.9165*400 

0.94231 

1.01639 

0.76570 

0.87606 

1.30993 

0.63064 

27 

1 .0330--02 

5.2247*400 

0.94422 

1.01557 

0.79215 

0.89304 

1.27096 

0.66346 

28 

1* 11 50 *-02 

5.4328*400 

0.94690 

1.01493 

0.80950 

0.90390 

1.24682 

0.68647 

29 

1.1890--02 

5.6149*400 

0.95482 

1.01345 

0.82438 

0.91250 

1.22521 

0.71112 

30 

1.2800 *-02 

5.7227*400 

0.97039 

1.01240 

0.83306 

0.91734 

1.21257 

0-73412 

31 

1.3560 *-02 

6.0583*400 

0.98281 

1-01140 

0.85950 

0.93260 

1.17733 

0.77852 

32 

1.4470 *-02 

6.2464*400 

0.99140 

1.01040 

0.87397 

0.94045 

1.15792 

0.8052C 

33 

1* 5240**0 2 

6.3991*400 

0.99331 

1-00935 

0.88554 

0.94647 

1.14235 

0.82299 

34 

1.6030--02 

6.7165*400 

0.99618 

1.00827 

0.90909 

0.95883 

1.11242 

0.85864 

35 

1 . 6800"- 02 

6.9615*400 

0.99809 

1.00708 

0.92686 

0.96764 

1.08994 

0.83610 

36 

1.7570"-02 

7.2054*400 

0.99809 

1.00601 

0.94421 

0.97603 

1.06352 

0-91169 

37 

l.B420"-02 

7.4600-400 

0.99713 

1.00432 

0.96198 

0.98431 

1.04695 

0.93T4T 

38 

1*  9160"-02 

7.7132-400 

0.99713 

1.00413 

0.97934 

0.99237 

1.02678 

0.96371 

39 

2* 0100"- 02 

7.7132-400 

1.00095 

1.00233 

0.97934 

0.99172 

1.02545 

0.96803 

40 

2. 08l0"-02 

7.9710-400 

0.99905 

1.00219 

0.99669 

0.99957 

1.00578 

0.99288 

41 

2.1640*-02 

7.9710-400 

0.99905 

1.00112 

0.99669 

0.99903 

1.004 TO 

0.99341 

0  42 

2*2350"-02 

8*0207-400 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

43 

2.40l0"-02 

8.0207-400 

1.00478 

0.99764 

1.00000 

0.99882 

0.99764 

1.00597 

44 

2 . 5730"-02 

7.9278-400 

1.01719 

0.99562 

0.99380 

0.99495 

1.00231 

1.00973 

45 

2.733 0"-02 

7.8846*400 

1.02388 

0.99315 

0.99091 

0.99237 

1.00294 

1.01308 

46 

2.9000"-02 

7.8846*400 

1.02483 

0.99143 

0.99091 

0.99151 

1.00121 

1.01490 

47 

3.0  560"-02 

7.9278*400 

1.01815 

0.98983 

0.993 80 

0.99205 

0.99647 

1.01363 

40 

3.2130*-02 

8.0207*400 

1.00860 

0.98971 

1.00000 

0.99484 

0.98971 

1.01383 

49 

3.354 0*-02 

8.1079-400 

1.00287 

0.98980 

1.00579 

0.99753 

0.93365 

1.01702 

50 

3.5100"-02 

8.1518-400 

0.99809 

0.98976 

1.00868 

0.99882 

0.98054 

1.01669 

51 

3.6690"-02 

8.1957-400 

0.99427 

0.98974 

1.01157 

1.00011 

0.97746 

1.01730 

52 

3.8290--02 

8.1957-400 

0.99523 

0.98974 

1.01157 

1.00011 

0.97746 

1.01828 

53 

3.9870"-02 

8.2398-400 

0.99140 

0.98972 

1.01446 

1.00140 

0.97441 

1.01896 

12H-8 


K60I-C-6 


360101  10  PER  NANDO/ SHITS  PROFILE  T*  9UL A  T ION  S3  POINTS,  OfLTA  AT  POINT  *3 


I 

r 

PT  2/P 

P/PO 

TO/TOD 

M/ND 

U/U3 

T/TO 

R/RO*U/UO 

1 

0.0000"*00 

1.0000"*00 

1.00000 

1*04001 

0.00000 

0.00000 

2. 34522 

0.00000 

2 

2.2700"- 

04 

2.1825"*00 

1.00000 

1*03050 

0.44671 

0.60896 

1.85839 

0. 32768 

3 

3.7100"- 

04 

2.4693-+00 

1.00000 

1.03166 

0.48743 

0.65251 

1.79206 

0.36411 

4 

5.6310"- 

04 

2 .6658*+00 

1. ooooo 

1*03063 

0.51297 

0.67904 

1.74710 

0.39809 

5 

7.4710"- 

04 

2 • 81 45 "+0  0 

1. ooooo 

1*03063 

0*531 34 

0. 6960  5 

1.71608 

0.40560 

6 

9.4710"- 

04 

2. 8744"-f  00 

1. ooooo 

1*02994 

0.53852 

0.70272 

1.70278 

0.41269 

7 

1.1630"- 

03 

2.9833"*Q0 

1.00000 

1*02956 

0*55130 

0.71470 

1.68062 

0.42526 

8 

1.3470"- 

03 

3.1807V00 

0.  97660 

1*02994 

0. 57365 

0.73546 

1.64359 

0.43697 

9 

1.5470"- 

03 

3.2205"*00 

0.  97390 

1*02921 

0.57804 

0.73917 

1.63518 

0.44024 

10 

1.7470"- 

03 

3.2716"«-00 

0.97190 

1.02912 

0*5936: 

0.74415 

1.62570 

0.44438 

11 

1.9390"- 

03 

3.2864">00 

0.  97040 

1.02898 

0.53523 

0. 74552 

1.62232 

0*44580 

12 

2.1790"- 

03 

3. 3756"+0  0 

0.96810 

1*02899 

0.59431 

0.75430 

1.60699 

0.45426 

13 

2.5150"- 

03 

3.53  95"*0Q 

0.  96640 

1.02832 

0.61198 

0.76962 

1.5^744 

0.47083 

14 

2.8680*- 

Q3 

3.55U"*00 

0.96690 

1.02614 

0.61317 

0.76957 

1.57519 

0.47239 

15 

3.2840"- 

03 

3.6767"+00 

0.  96710 

1.02764 

0.62595 

0.78017 

1.55346 

0.43569 

16 

3.7320"- 

03 

3.7324-+90 

0.97340 

1*02712 

0.63154 

0.78462 

1. 54354 

0.49490 

17 

4.1640"- 

03 

3.7767"*00 

0.  97830 

1.02623 

0.63593 

0.78790 

1.53507 

0.53  21  3 

18 

4.5480"- 

03 

3. 89Q7"+00 

0. 93110 

1.02570 

0.64711 

0.79630 

1.51617 

0.51560 

19 

4.8760"- 

03 

3.936i"*00 

0.93260 

1.0250  7 

0.65150 

0.80009 

1.50316 

0.52127 

20 

5.2600*- 

03 

3.9818-+00 

0.  98560 

1.02423 

0.65539 

0.e0326 

1 .49998 

0.52734 

21 

5.7480"- 

03 

4.1593"*00 

0.  93810 

1.02413 

0.67265 

0.81640 

1.47307 

0. 54762 

22 

6.1480"- 

03 

4.24  ?8"+00 

0.93630 

1.02396 

0.68104 

0.82276 

1.45949 

0.55601 

23 

6.8600"- 

03 

4.3900"*00 

0.93410 

1.02237 

0.69331 

0.33176 

1.43719 

0. 56954 

24 

7.7090"- 

03 

4.61 92 "*00 

0.93430 

1.02179 

0.71417 

0.84649 

1.40437 

0. 59303 

25 

8.5330"- 

03 

4. 9165*400 

0.  93330 

1.02062 

0.73972 

0.86403 

1.36443 

0.62300 

26 

9.2370"- 

03 

5.0500*400 

0.98810 

1.020*3 

0.75090 

0.97149 

1.34699 

0.63929 

27 

1.0170"- 

02 

5. 1905"*00 

0.99230 

1.0181 7 

0.76248 

0.87948 

1.32744 

0.65669 

28 

1.0950"- 

02 

5. 3978"400 

0.99030 

1.01720 

0.77924 

0.88908 

1.30177 

0.67669 

29 

1.1690"- 

02 

5.5792"^00 

0.  9  3930 

1.01606 

0.79361 

0.89777 

1. 27970 

0.69404 

30 

1.2580"- 

02 

5.9049"*00 

0.  98830 

1.01514 

0.81976 

0.91291 

1.24321 

0.72573 

?1 

1.3260"- 

02 

6.2464-+00 

0. 98630 

1 .014^3 

0.84431 

0.92764 

1.20713 

0.75794 

32 

1.4190"- 

02 

6.  3608*400 

0.99160 

1.01294 

0.85269 

0.93198 

1.19435 

0.76596 

33 

1.4940"- 

02 

6. 5986*400 

0.98060 

1.01197 

0.86936 

0.94110 

1.17049 

0.79842 

34 

1.5770"- 

02 

6. 9615*400 

0.97910 

1.01040 

0.89541 

0.95423 

1.13570 

0.82265 

35 

1.6580"- 

02 

7.2878"400 

0. 97610 

1.00974 

0.91776 

0.96557 

1.10639 

0.85148 

36 

1.7250"- 

02 

7. 46 00 "♦90 

0.97540 

1.00873 

0.92934 

0.97097 

1.09160 

0.86761 

37 

1.8170"- 

02 

7.5860"*00 

0.97680 

1.00738 

0.93772 

0.97447 

1.0  79  91 

0.98143 

38 

1.8900"- 

02 

8.0207 "♦00 

0.97810 

1.00672 

0.96607 

0.98792 

1. 04554 

C. 92411 

39 

1.9760"- 

02 

8.1518*400 

0.98010 

1.00542 

0.97445 

0.99110 

1.03446 

0.93901 

40 

2.0580"- 

02 

8. 1957*400 

0.98530 

1.00431 

0.97725 

0.99134 

1.03010 

0.94371 

41 

2.1290"- 

02 

8. 2393*400 

0.99130 

1.00363 

0. 93004 

0.99280 

1.02620 

0.95903 

42 

2.2200"- 

02 

8.  37  23"*00 

0.  99530 

1.00233 

0.98942 

0.99597 

1.01534 

0.97691 

D  43 

2.3670"- 

02 

3.  55  83 "♦OO 

1.  OOOOO 

1  .OQO^C 

1  .ooooo 

1.00000 

1.00000 

1.00000 

44 

2.5420"- 

02 

8. 5583*400 

1.00100 

0.99739 

1.00000 

0.99894 

0.99789 

1.00206 

45 

2.6970"- 

02 

8.64  86 '*♦00 

1.00100 

0.99593 

1.00559 

1.03042 

0.99975 

1.01179 

46 

2.8530"- 

02 

8.6034  "400 

1. 00200 

0.99394 

1.00279 

0.99820 

0.99086 

1.00942 

47 

3.0160"- 

02 

8.64  86-4Q0 

1.00100 

0  .99193 

1.00559 

0.99841 

0.98578 

1.01383 

48 

3.1630"- 

02 

8. 64 36 "400 

1.00100 

0.99193 

1.00559 

0.99841 

0.99578 

1.01383 

49 

3.3290"- 

02 

8. 54  86*400 

1.00600 

0.991 93 

1.00559 

0.99841 

0.98578 

1.01899 

50 

3.4790"- 

02 

8.6034">00 

1.00300 

0*99162 

1.00279 

0.99703 

0.99954 

1.01161 

51 

3.6370"- 

02 

8.6940 "♦00 

0.99500 

0*99203 

1.00838 

0.99968 

0.98282 

1.01207 

52 

3.8040"- 

02 

8.6940*400 

0.99530 

0.99203 

1.00838 

0.99968 

0.99282 

1 • 0o22 1 

53 

3.9560"- 

02 

8. 7395*400 

0. 98460 

0.99172 

1.01113 

1 .00074 

0.97947 

1.00599 

8601-07 


12H-V 


86010102  Fernando/Seita 


Turbulence  Date 


X  »  1.17108+00  UTAU  *  1 . 9410E+01  RHOW  -  4.1488K-01  UREF  -  5.6940E+02  HUEW-  1.6779E-05 


I 

Y 

H 

U 

(RU)’ 

R  U'2 

U'2 

UR8F 

RW  UT 

RV  UTS 

UT2 

1 

1.2410E-3 

1.40708+0 

6.78068-1 

5.29748+0 

6.84928+0 

4.83518+0 

2 

2.4900E-3 

1.52808+0 

7.18028-1 

5.26168+0 

5.44308+0 

3.60418+0 

3 

3.71908-3 

1.63008+0 

7.49168-1 

5.69128+0 

5.33108+0 

3.36178+0 

4 

4.94801-3 

1.70808+0 

7.71288-1 

6.00448+0 

5.17028+0 

3.13678+0 

5 

6 .1600E-3 

1.80408+0 

7.97178-1 

5.95128+0 

4.32428+0 

2.52338+0 

6 

7.39208-3 

1.89608+0 

8.20178-1 

6.4100E+0 

4.27558+0 

2.38808+0 

7 

6.61608-3 

1 . 95008+0 

8.33078-1 

6.60938+0 

4.11968+0 

2.23318+0 

8 

9.8350E-3 

2.02608+0 

8.50428-1 

6.8180E+0 

3.85338+0 

2.0191E+0 

9 

1.10508-2 

2.09708+0 

8.65698-1 

7.11058+0 

3.71208+0 

1.88268+0 

10 

1 .22508-2 

2.18308+0 

8.83358-1 

7.43848+0 

3.51558+0 

1.7171E+0 

11 

1.34508-2 

2.24708+0 

8.95458-1 

7.36428+0 

3.11778+0 

1.48918+0 

12 

1 .46708-2 

2.31708+0 

9.08548-1 

7.11158+0 

2.60308+0 

1.21268+0 

13 

1.58808-2 

2.40108+0 

9.22928-1 

7.50418+0 

2.53488+0 

1.14138+0 

14 

1.70708-2 

2.45008+0 

9.30958-1 

7.29798+0 

2.21008+0 

9.72608-1 

15 

1.82708-2 

2.50308+0 

9.39288-1 

6.59868+0 

1.63198+0 

6.90328-1 

16 

1.94808-2 

2.55008+0 

9.46328-1 

5.93238+0 

1.20238+0 

4.90168-1 

17 

2.06708-2 

2.57008+0 

9.48708-1 

4.55828+0 

6.81518-1 

2.72808-1 

18 

2 . 1840E-2 

2.60608+0 

9.5356E-1 

3.74908+0 

4.33728-1 

1.70368-1 

D  19 

2.30508-2 

2.61808+0 

9.54658-1 

2.65208+0 

2.13698-1 

8.37658-2 

20 

2.4250E-2 

2.62108+0 

9.54368-1 

1.93448+0 

1.13528-1 

4.46088-2 

21 

2.5440S-2 

2.64108+0 

9.56748-1 

1.46578+0 

6.34588-2 

2.48388-2 

22 

2.6640E-2 

2.64608+0 

9.5674E-1 

1.21098+0 

4.30808-2 

1.68668-2 

23 

2.78308-2 

2.64808+0 

9.56348-1 

1.19988+0 

4.21388-2 

1.64748-2 

24 

2.9050E-2 

2.65308+0 

9.56248-1 

1.13028+0 

3.70238-2 

1.44098-2 

25 

3.0220E-2 

2.65308+0 

9.5575E-1 

1.19488+0 

4.13758-2 

1.61078-2 

26 

3.14108-2 

2.66108+0 

9.56848-1 

1.12028+0 

3.61468-2 

1.41118-2 

27 

3.25808-2 

2.66708+0 

9.5773E-1 

1.15338+0 

3.82578-2 

1.50148-2 

28 

3.37808-2 

2.66808+0 

9.5783E-1 

1.1336E+0 

3.7169E-2 

1.46868-2 

29 

3.4970E-2 

2.67308+0 

9.58628-1 

1.07918+0 

3.35808-2 

1.32948-2 

30 

3.6190E-2 

2.6790E+0 

9.5951E-1 

1.1687E+0 

3.88748-2 

1.53088-2 

31 

3.74108-2 

2.67908+0 

9.5941E-1 

1.21228+0 

4.16028-2 

1.62958-2 

86010103  Fernendo/Seits  Turbulence  Data 

X  *  1 . 1970E+00  UTAU  =  1. 82178+01  RHOW  *  4.7005E-01  UREF  »  5.69408+02  HUEW«  1.6835E-05 


I 

Y 

N 

U 

(RU)  ' 

R  U'2 

U'2 

URZr 

RW  UT 

RW  UT2 

UT2 

1 

1.25308 -3 

1.3360E+0 

6.54708-1 

5.38698+0 

7.99518+0 

5.83728+0 

2 

2.46608-3 

1.44708+0 

6.93088-1 

5.6001E+0 

7.17228+0 

4.98848+0 

3 

3.6980E-3 

1.54908+0 

7.26008-1 

5.71328+0 

6.27448+0 

4.16928+0 

4 

4.93108-3 

1.66508+0 

7.60808-1 

6.20058+0 

6.05818+0 

3.82428+0 

5 

6,13408-3 

1.73808+0 

7.81098-1 

6.26158+0 

5.49548+0 

3.38538+0 

6 

7.35108-3 

1.82908+0 

8.05358-1 

6.33638+0 

4.84978+0 

2.88998+0 

7 

8.59408-3 

1.91108+0 

8.25538-1 

6.67048+0 

4.68228+0 

2.69518+0 

8 

9.78408-3 

2.00208+0 

8.46918-1 

7.01168+0 

4.43838+0 

2.45818+0 

9 

1.10108-2 

2.05908+0 

8.59448-1 

7.22118+0 

4.28228+0 

2.31788+0 

10 

1.22008-2 

2.12708+0 

8.73668-1 

7.31678+0 

3.94228+0 

2.08048+0 

11 

1.34208-2 

2.22008+0 

8.92658-1 

7.79878+0 

3.84308+0 

1.95238+0 

12 

1.46108-2 

2.27008+0 

9.01708-1 

7.31238+0 

3.11288+0 

1.54898+0 

13 

1.58308-2 

2.33108+0 

9.12748-1 

7.38638+0 

2.83968+0 

1.36008+0 

14 

1.70308-2 

2.39208+0 

9.23288-1 

6.87918+0 

2.20538+0 

1.01768+0 

15 

1.82108-2 

2.45808+0 

9.34228-1 

6.47848+0 

1.74838+0 

7.79898-1 

16 

1.94008-2 

2.50708+0 

9.41788-1 

5.56848+0 

1.19348+0 

5.21108-1 

17 

2.05908-2 

2.54008+0 

9.46458-1 

4.88598+0 

8.72378-1 

3.75858-1 

18 

2.17808-2 

2.55808+0 

9.48648-1 

3.40238+0 

4.13258-1 

1.77598-1 

19 

2.29708-2 

2.57908+0 

9.51428-1 

2.42968+0 

2.04118-1 

8.70878-2 

D  20 

2.41608-2 

2.59008+0 

9.5232E-1 

1.73308+0 

1.02258-1 

4.34848-2 

21 

2.53708-2 

2.60108+0 

9.53118-1 

1.53148+0 

7.83738-2 

3.31298-2 

22 

2.65708-2 

2.61208+0 

9.5401E-1 

1.26368+0 

5.25968-2 

2.21938-2 

23 

2. 77708-2 

2.61608+0 

9.53918-1 

1.15838+0 

4.39768-2 

1.85528-2 

24 

2.89608-2 

2.61108+0 

9.52228-1 

1.00988+0 

3.35688-2 

1.41378-2 

25 

3.01408-2 

2.60508+0 

9.51038-1 

9.70778-1 

3.12268-2 

1.31568-2 

I2H-I0 


8601 -C-H 


86010104  Fernando/Saits 


Turbulence  Data 


X  -  1.2230E+00  UTAU  «  1.74381401  RHOW  =  5.1927E-01  UREF  =  5.69408+02  HUEW=  1.69358-05 


I 


I 

Y 

H 

U 

(RU)' 

R  U‘ 2 

U'  2 

UREF 

RW  UT 

RW  UT2 

UT2 

1 

3 . 8100E-4 

1 . 07708+0 

5.55548-1 

2. 7689E+0 

3.14418*0 

2.52328*0 

2 

1.1840E-3 

1. 28001*0 

6.35878-1 

5.3195B+0 

8.49528*0 

6.32008*0 

3 

2.39401*3 

1.39008*0 

6.7524E-1 

5.96758+0 

8.82488*0 

6.19838*0 

4 

3.6470E-3 

1 . 5060E+0 

7.1361E-1 

6.46728+0 

8.59978*0 

5.78808*0 

5 

4.8760E-3 

1.5930E+0 

7.41128-1 

6.44758*0 

7 . 3829E*0 

4.79408*0 

6 

6.0850E-3 

1 .68308*0 

7.6723E-1 

6 . 2203E+0 

5. 9410E+0 

3.73758*0 

7 

7.30508-3 

1.7750E+0 

7 . 9255E-1 

6 . 6956E+0 

5. 9394E+0 

3.62258*0 

8 

8.5350E-3 

1.85808+0 

8.1407E-1 

6.8641E+0 

5 . 4331E+0 

3.20448*0 

9 

9.7450E-3 

1.94408+0 

8 . 35008-1 

7. 3495E+0 

5.37688*0 

3.05398*0 

10 

1.0970E-2 

2.0100E+0 

8.50158-1 

7.2527E*0 

4.65998*0 

2.55778*0 

11 

1.21608-2 

2 . 1080E+0 

8.7178E-1 

7.6445E+0 

4.3272E*0 

2.24468*0 

12 

1.3370E-2 

2. 1520E+0 

8.80558-1 

7.8927E+0 

4.24528*0 

2.14048*0 

13 

1.4560E-2 

2.2150E+0 

8.9291E-1 

7.8641K+0 

3.81288*0 

1.8787E+0 

14 

1.5790E-2 

2. 2970E+0 

9.0846E-1 

7.4833E+0 

3.03648*0 

1.45288*0 

15 

1.6980E-2 

2 . 3720E+0 

9.2171E-1 

6.9629E+0 

2.34208*0 

1.09338+0 

16 

1.8170E-2 

2. 4210E+0 

9 . 2989E-1 

6.3026E+0 

1.78918*0 

8.25798-1 

17 

1.9360E-2 

2.4770E+0 

9.3886E-1 

5.2230E+0 

1.13288*0 

5.1474E-1 

18 

2.0540E-2 

2.5030E*0 

9.4244E-1 

3.9385E+0 

6.23848*1 

2.83168-1 

D  19 

2.1730E-2 

2. 5330E+0 

9.4673E-1 

2. 5822E+0 

2.5719E-1 

1.16028-1 

20 

2.2920E-2 

2.5400E+0 

9.4713E-1 

2.0527E+0 

1.61878-1 

7.33328-2 

21 

2.4140E-2 

2 . 5550E+0 

9.4882E-1 

1. 4383E+0 

7.82018-2 

3.54588-2 

22 

2. 5320E-2 

2.5600E+0 

9.4882E-1 

1. 3060E+0 

6.42338-2 

2.91808-2 

23 

2.6530E-2 

2.5690E+0 

9.4962E-1 

1.0841E+0 

4.37068-2 

1.98268-2 

24 

2.7730E-2 

2.5750E+0 

9.49828-1 

9.7821E-1 

3.53638-2 

1.60448-2 

25 

2.8900E-2 

2.5760E+0 

9.4922E-1 

1.0326E+0 

3.9446E-2 

1.7926E-2 

26 

3.0090E-2 

2 . 5810E+0 

9 . 4952E-1 

9.64618-1 

3.4126E-2 

1.54778-2 

27 

3.1270E-2 

2.5820E+0 

9.4952E-1 

1.0303E+0 

3.90778-2 

1.7803E-2 

28 

3.2460E-2 

2 . 5880E+0 

9.5042E-1 

1.0640E+0 

4.16008-2 

1.90508-2 

29 

3 . 3660E-2 

2.5970B+0 

9.5181E-1 

1.1224E+0 

4.6101E-2 

2.1241E-2 

30 

3.4850E-2 

2. 5970E+0 

9.5181E-1 

1.1085E*0 

4. 5410E-2 

2. 1135E-2 

31 

3 . 6060E-2 

2.6060E+0 

9.5311E-1 

9.4893E-1 

3.2888E-2 

1.5284E-2 

86010106  Fernando/Saits 


Turbulence  Data 


X  =  1.27508+00  UTAU  =  1.7351E+01  RHOW  *  5.6365E-01  URur  =  5.6940E+02  MUEW=  1.7043E-05 


I 

Y 

M 

U 

(RU)  * 

R  U'2 

U’2 

UREF 

RW  UT 

RW  UT2 

UT2 

1 

1.17008-3 

1.24108+0 

6.24088-1 

4.84628+0 

7.51308+0 

5.6832E+0 

2 

2.38908-3 

1.36308+0 

6.68968-1 

5.68228+0 

8.5267E+0 

6 . 1732E+0 

3 

3.63808-3 

1.47208*0 

7.06218-1 

5.97648*0 

7.93768+0 

5.53738+0 

4 

4.8640E-3 

1 . 54708*0 

7.29858-1 

6.3020E+0 

7.75078+0 

5.21378+0 

5 

6.09708-3 

1.62208*0 

7.52598-1 

6.19778+0 

6.5845E+0 

4.27688+0 

6 

7.31408-3 

1.70108+0 

7.75428-1 

6.76478+0 

6.87318+0 

4.32538+0 

7 

8.51808-3 

1.79208*0 

8.00368-1 

6.76808+0 

5.89238+0 

3.56718+0 

8 

9.72808-3 

1.87908+0 

8.22808-1 

7.21468+0 

5.7726E+0 

3.36168+0 

9 

1.09808-2 

1.9480E+0 

8.39638-1 

7.64548+0 

5.74278+0 

3.23488+0 

10 

1.21SOE-2 

2.00608*0 

8.52658-1 

7.80618*0 

5.41688+0 

2.96878+0 

11 

1.33408-2 

2.10008+0 

8.73688-1 

8.2 7718+0 

5.16868+0 

2.70528+0 

12 

1.45508-2 

2.14308*0 

8.8239E-1 

7.97638*0 

4.44208+0 

2.26898+0 

13 

1.57708-2 

2.22208+0 

8.9802E-1 

8.23088+0 

4.12808+0 

2.02788+0 

14 

1.69508-2 

2.28308*0 

9.09448-1 

7.57758+0 

3.14278+0 

1.49278+0 

15 

1.81408-2 

2.33908*0 

9.1945B-1 

6.74648*0 

2.26068+0 

1.04248+0 

16 

1.93508-2 

2.37608+0 

9.25768-1 

5.29258*0 

1.30818+0 

5.93628-1 

17 

2.05408-2 

2.40708+0 

9.30678-1 

4.25508+0 

8.05728-1 

3.61628  1 

18 

2.17208-2 

2.43608*0 

9.3488E-1 

3.4098E+0 

4.95188-1 

2.20058-1 

D  19 

2.29108-2 

2.45208*0 

9.36888-1 

2.06418+0 

1.78228-1 

7.92668-2 

8601-C-9 


1211-11 


86010108  Fernando/Saits  Turbulence  Data 

X  «  1.3240E+00  UTAU  *  1.8581E+01  RHOV  *  5.27178-01  UREF  *  5.6940E+02  JfUEV-  1.7101E-05 


I 

Y 

H 

U 

(RU)  * 

R  U’2 

U’2 

UREF 

RV  ITT 

RV  UT2 

UT2 

1 

1 . 1940E-3 

1 . 34508+0 

6.6444E-1 

4 . 9860E+0 

6 . 7340E+0 

4. 8923E+0 

2 

2.3950E-3 

1.4460E+0 

6.9937E-1 

4 . 9234E+0 

5.6061E+0 

3 . 9388E+0 

3 

3 . 6330E-3 

1.5320E+0 

7.2727E-1 

5.36248+0 

5 . 7371E+0 

3.8724E+Q 

4 

4.8670E-3 

1 . 5930E+0 

7.4604E-1 

5 . 6484E+0 

5.7023E+0 

3.7252E+Q 

5 

6.0710E-3 

1.6710B+0 

7.6903E-1 

5.9Q33E+0 

5.4862E+0 

3 . 4867E+0 

6 

7 . 2840E-3 

1.7510E+0 

7.9141E-1 

6 . 3068E+0 

5.4904E+0 

3.3844E+0 

7 

8.5190E-3 

1 . 8200E+0 

8.0978B-1 

6.4663E+0 

5.1474E+0 

3 . 0895E+0 

8 

9.7230E-3 

1 .8770E+0 

8.2403E-1 

6.8691E+0 

5.2757E+0 

3 . 08958+0 

9 

1.0940E-2 

1 . 9630E+0 

8.4490E-1 

7 . 2002E+0 

4 . 9885E+0 

2 . 8056E+0 

10 

1.2140E-2 

2.0150E+0 

8 .5665E-1 

7.2320E+0 

4 . 6064E+0 

2 . 5299E+0 

11 

1.3350E-2 

2.09208+0 

8.7351E-1 

7.7278E+0 

4 . 5995E+0 

2.4313E+0 

12 

1 . 4550E-2 

2 . 1640E+0 

8 . 8846E-1 

7 . 6971E+0 

4.03768+0 

2.0638E+0 

13 

1.5770E-2 

2 . 22908+0 

9.0131E-1 

7 .4409E+0 

3 . 38658+0 

1 , 6845E+0 

14 

1 . 6950E-2 

2.2930E+0 

9.1336E-1 

7 . 1924E+0 

2 . 8539E+0 

1 . 3827E+0 

15 

1 . 8150E-2 

2. 3480E+0 

9.2309E-1 

6 .5189E+0 

2.1387E+0 

1.0107E+0 

16 

1.93 JOE-2 

2 . 4050E+0 

9. 3293E-1 

6. 1790E+0 

1.7511B+0 

8.0730E-1 

17 

2.0520E-2 

2.45008+0 

9 . 4005E-1 

5.0891E+0 

1 . 10188+0 

4.9735E-1 

18 

2.1690E-2 

2. 4690E+0 

9 . 42668-1 

4 . 1600E+0 

7.1188E-1 

3.1786E-1 

D  19 

2 . 2880E-2 

2 .4780E+0 

9.4337E-1 

3.0174E+0 

3.6863E-1 

1.6356E-1 

20 

2.4090E-2 

2. 4830E+0 

9.4357E-1 

2.7183E+0 

2.9320E-1 

1 . 2834E-1 

21 

2.52808-2 

2.4880E+0 

9.4377E-1 

1.7625E+0 

1.1978E-1 

5.1258E-2 

22 

2 .6480E-2 

2. 4760E+0 

9.4096E-1 

1.4709E+0 

8.3569E-2 

3.5305E-2 

23 

2.7680E-2 

2.46408+0 

9.3805E-1 

1 . 0587B+0 

4.3569E-2 

1.8254E -2 

24 

2.8860E-2 

2.46908+0 

9.38258-1 

1.0707E+0 

4.4057E-2 

1.8361E-2 

25 

3.Q040E-2 

2.46908+0 

9.3775E-1 

9.4035E-1 

3.4060E-2 

1.4229E-2 

26 

3.1210E-2 

2.47208+0 

9. 3815E-1 

9.0584E-1 

3 . 1551E-2 

1. 3208E-2 

27 

7.241 OF- 2 

2.4*T€0E+0 

9. 3875E-1 

9.4541E-1 

3.4297E-2 

1.4392E-2 

28 

3.3610E-2 

2.47608+0 

9. 3875B-1 

9.6180E-1 

3.5594E-2 

1.4979E-2 

29 

3.4810E-2 

2.4760E+0 

9. 3875E-1 

1.0375E+0 

4.13528-2 

1.73711-2 

30 

3.6010E-2 

2.4690E+0 

9. 3755E-1 

1.0081E+0 

3.9358E-2 

1.6534E-2 

86010109  Fernando/Saits  Turbulence  Data 
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/y 

M(inf):  1.76  rising  to  2.1 

R  Theta  *  10”3:  5 

8602 

TW/TR:  1.0 

FPG 

Continuous  tunnel  with  asymmetrical  nozzle.  W  =  150  mm,  H  =  100  mm 

PO:  40  KN/m2.  TO:  296  K.  Air.  Re/m  *  10"*:  0.4. 

DUSSAUGE  J.-P.,  GAVIGLIO  J.,  1987.  The  rapid  expansion  of  a  supersonic  turbulent 

flow:  Role  of  bulk  dilation.  J.  Fluid.  Mech.  174,  81-112. 

And:  Dussauge  (1981),  Dussauge  J.-P.,  private  communications. 

1  The  tests  were  conducted  on  a  continuation  of  the  lower,  straight,  tunnel  nozzle  block. 

The  models  started  512  mm  from  the  nozzle  throat,  continuing  in  the  plane  of  the  tunnel 
floor.  At  a  point  640  mm  from  the  throat  the  surface  turned  down  sharply  at  an  angle  of 
12®  forming  the  expansion  corner  (X  =  0),  round  which  the  flow  accelerates  from  M  =  1.76 
to  M  -  2.1.  At  about  a  further  120  bid  along  the  tunnel  axis  the  surface  curved  back  to 
the  free  stream  direction.  The  reflection  of  the  expansion  fan  returned  to  the  test 
surface  downstream  of  this  point.  The  models  ran  across  the  full  width  of  the  tunnel, 

150  ma.  Two  geometrically  identical  models  were  used,  one  with  pressure  tappings,  the 
other  with  thermocouples. 

3  Transition  was  forced  by  a  sand-paper  strip  upstream  of  the  throat.  After  the  nozzle 

expansion,  the  boundary  layer  grew  under  essentially  ZPG  conditions,  reaching  the  corner 

2  with  a  thickness  of  about  10  bob.  Small  disturbances  in  the  flow  which  showed  up  in 
schlieren  studies  corresponded  to  Mach  number  perturbations  of  less  than  1*.  The  free- 
stream  turbulence  level  for  velocity  fluctuations  was  less  than  0. Z*  above  100  Hz.  The 
temperatures  were  allowed  15  minutes  to  settle  so  that  the  flow  was  effectively  adiabatic. 
The  wall  temperature  was  constant  to  within  0.5  K  over  a  distance  of  100  mm.  ’’Surface 

5  flow  visualisations  showed  no  particular  spanwise  streamline  divergence”. 

6  Wall  pressure  was  measured  at  21  stations  along  the  model  with  tappings  (d  =  0.3  mm)  on 
the  centreline  and  20  or  40  m  to  either  side.  Wall  temperature  was  measured  at  6  stations 
upstream  and  6  downstream  of  the  corner. 

7  Pitot  profiles  were  measured  with  a  FPP  (h!  =  0.28,  h2  =  0.08,  bj  =  2.12,  b*  =  1.92  not, 

1,  appr.  20  mm).  (A  wedge  static  probe  is  shown  but  the  results  were  discarded  because  of 
yaw  sensitivity  in  the  expansion.)  The  mean  total-temperature  profile  was  measured  with  a 
fine  wire  probe,  1  -  1.5  m  d  =  5  fm.  For  fluctuation  Bteasurements  a  normal  HWP  was  used 
(Platinum  plated  tungsten,  d  =  2.5  pm,  1/d  =  320),  operated  in  the  coast ant-cur rent  mode 
and  with  the  signal  processed  as  described  by  Gaviglio  (1971,  1978),  following  Laufer 
(1961).  The  band-width  claimed  is  100  Hz  -  200  kHz. 

8  Mean  flow  profiles  were  obtained  at  the  stations  listed  in  section  B.  Profiles  01-09  are 
measured  normal  to  the  upstream  wall,  10-23  normal  to  the  sloping  surface,  with  09  &  10 
at  the  corner.  Turbulent  intensities  were  measured  at  a  station  well  upstream  of  the 
corner,  near  profile  03,  just  upstream,  at  X  =  -10,  -5  ram  (profiles  07,  08)  and  downstream 
at  X  =  6,  15,  31.3,  61.5,  89.5  and  98  ram  (Profiles  11,  between  12  &  13,  14,17,  20  and  21). 

The  authors  obtained  static  pressure  values  in  the  free  stream  from  Pitot  readings,  and 
these  are  used  everywhere  outside  the  expansion.  Where  wall  pressure  was  measured,  the 

9  values  were  consistent.  Within  the  expansion,  pressures  were  calculated  from  the  method 
of  characteristics  for  rotational  flow.  The  corresponding  calculated  Pitot  pressures 

10  agreed  with  Bieasured  values  to  within  3\.  No  corrections  were  applied  to  the  profile  data. 

12  The  editors  have  accepted  the  data  as  supplied,  incorporating  the  authors’  assumptions 

14  and  reduction  procedures.  We  have  chosen  to  give  their  skin-friction  values  as  deduced 

from  the  profiles,  hand  fitted  to  the  log-law  upstream  of  the  expansion  and  using  the 

13  correlation  of  Chew  (1978)  downstream.  We  present  all  the  profiles  measured  normal  to  the 
wall  and  the  associated  turbulence  profiles,  when  available.  They  form  a  single  series 
covering  the  approach  to  a  centred  expansion,  the  expansion  itself  and  the  recovery  region 
downstream.  Turbulence  measurements  were  also  made  along  the  last  characteristic  of  the 
expansion  and  along  two  streamlines,  one  close  to  the  wall  and  one  at  about  Y/D  =  0.5, 

but  have  not  been  presented  here. 
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§  DATA:  86020101-0123.  Pitot  and  TO  profiles,  NX  =  23.  Normal  hot-wire  profiles,  NX  -  4. 
Editors*  coamrents: 

While  there  have  been  many  studies  of  boundary  layers  subjected  to  rapid  compression  by 
shock  waves,  this,  with  the  exception  of  the  weaker  case  in  Chew  6  Squire  (1979),  CAT7902S, 
Series  01/02,  appears  to  be  the  only  reasonably  fully  documented  study  of  a  boundary  layer 
passing  through  a  concentrated,  centred,  expansion.  Reflected  wove  cases  are  reported  by 
Thomas,  CAT7401,  and  Lewis  et  al.,  CAT7201. 

Upstream  influence  by  the  subsonic  layer  next  to  the  wall  appears  to  be  small,  so  that 
the  boundary  layer  experiences  a  rapid  distortion  closely  related  to  the  corresponding 
ideal  flow  model.  The  authors  refer  to  the  effect  as  "relaminarisation" ,  but  the  boundary 
layer  does  not  undergo  M reverse  transit  ion”  in  the  sense  observed  in  some  subsonic  flows. 
Turbulence  levels  are  markedly  reduced,  and  it  is  in  the  observation  and  prediction  of 
the  changes  in  the  turbulence  structure  that  the  interest  of  the  authors  lies. 

There  are  relatively  few  points  in  each  profile,  but  for  most  stations  the  profile  extends 
within  the  momentum  deficit  peak.  The  Reynolds  number  is  low,  but  the  H12R  values  are 
characteristic  of  fully  developed  mean  flow.  Integral  values  in  the  range  where  the 
profile  goes  through  the  expansion  should  be  ignored  (0109-0112)  because  of  normal  pressure 
gradient  effects.  The  upstream  profiles  agree  well  with  the  inner  and  outer  laws  (figs. 
10.1.6-6),  as  they  should  with  a  profile  derived  CF  value.  The  downstream  profiles,  where 
CF  values  are  given,  for  the  same  reason,  fit  the  wall  law  well.  The  outer  profiles  retain 
the  characteristics  of  an  accelerated  flow,  relaxing  slowly  towards  the  ZPG  profile.  Some 
small  differences  are  accounted  for  as  the  authors  used  a  "non-standard"  log-law  additive 
constant  (C  s  5.7).  The  turbulence  data,  profiles  of  u* 2  and  T' 2,  are  given  in 
figures  (11.2.8-9). 
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\ 

0.0000-400 

3.9262-404 

0.6935 

3,  9659-4  03 

NN 

1.9  34  0 

1.824* 

2 . 06  5 l -*0  2 

1.9  666"*  f 2 

\ 

INFINITE 

2.9810-402 

NM 

7.4125--04 

NN 

0.361 8 

9.6692"-0* 

4. 7i29-*02 

2.86 52"*C2 

i 

06020110 

1.7355 

1.0000 

2.  5  798*4  p ) 

NN 

3.747* 

1 .3)55 

5.070  3-  ♦  0  3 

7.6269-40 J 

} 

0.0000-400 

1.9723-404 

0.6648 

).6729**0 J 

NN 

1.849* 

1. 8  32  3 

2  .  85  7  7"*C2 

1 . 8  5  6‘J  -  •  0  2 

INFINITE 

2.3740*402 

NN 

6.  70l9"-O* 

NN 

0.0  52  5 

9. 0480--Q* 

4. 7405-402 

2.8578-02 

* 

96020111 

1.7400 

1.0000 

2.5893-401 

NN 

5S7. 0  7*6 

2.6124 

4.O320-*O3 

7.5  #94-40  3 

6.1 000--0  3 

3.9851-404 

0.5307 

3.6917*4)1 

NN 

-1.650  1 

1.4728 

2. 0516-«O2 

l.ew3i-*02 

• 

INF  IN  IT  E 

2.9690-402 

NN 

6. 7865-“ 06 

NN 

12.1700 

1.0 322--04 

4. 7433-402 

2.8 6 I 6-* 02 

! 

86020112 

1.9038 

1.0000 

7.  7683-402 

NN 

16.2753 

1.5167 

) .  96  7  3-*0  3 

5.9,52"*0) 

2  .040  0- -02 

4.0110**06 

0.6719 

1.1757-4-33 

NN 

1. 7930 

1.  70)4 

2.  038  3-402 

1.7)75-402 

1 

infinite 

2.96)0*402 

NN 

2.  2  3  50--  J4 

NN 

0. 3600 

4 . 2  01  9-  -0  4 

5.0155-402 

2.830)"«C: 

j 

860  20  11  3 

2.1665 

t.0000 

2  .  i>0  81  -♦  0  3 

NN 

3.  1  500 

1.3653 

3. 91 93-*03 

3.32*1-403 

1 

1.9500--02 

3.9776*404 

0.9998 

3. 3472*403 

NN 

1.8401 

1.8242 

2. 8252-*02 

1 . 5  3*6-* )2 

INF  INITE 

2.9750*40 2 

NM 

7. 4144--06 

NN 

0.1275 

9.0695--04 

5. 3903-402 

2.8  25  2-4.). 

i 

86020114 

2.1604 

1.0000 

2.2495*403 

2.  3026--0  3 

3.  3906 

1.3576 

4.0368-403 

4.0366-403 

1 

3.1300--02 

4,057l-*04 

1.0000 

3. 7366*403 

NN 

1.0329 

1.8172 

2.8116-*02 

1.5 30  )*♦#>: 

INFINITE 

2.9600-402 

3.  03  70-401 

3.0339--0* 

NN 

0.0075 

1.0025--0  3 

5. 3595-402 

2.0U3"*"2 

86020115 

2.1436 

1.0000 

2. 2499*403 

2.  30 97" -0 3 

3.1054 

1.3112 

4.0369-*0J 

4.0352-403 

4. 0  60  0- -0  2 

3.98l3-*04 

1.0004 

3.  7256-4  )3 

NN 

1 .8348 

1.8233 

2. 8229-402 

1.5443-4)2 

INF  INITE 

2.97l2-*02 

3.0120-4)1 

8.  1536--04 

NN 

0.0625 

1.0079--03 

5 . 354*- *02 

2 .9220*402 

9  60  20  116 

2.1596 

1.0000 

2.2151-4Q3 

2.3992--0  3 

3.2348 

1. 3225 

3.9719-403 

3.9719*403 

1 

5.0900--02 

3.9849-4 04 

l. 0000 

3.  68  32-403 

NN 

1.8355 

1.8205 

2.821  )" *0  2 

1.5  37  2*402 

» 

INF INITE 

2.9710-402 

).  09  80- ♦ 0  l 

8.0  )79 04 

NN 

0.0601 

1 .0035--0  3 

5. 3604-402 

2.0213-402 

96020  117 

2.1721 

1. 0000 

2. 1959-403 

2.3  30  3" “0 3 

3.2640 

1. 3;S5 

3.9111-40? 

3.3111-403 

6*1 500* -0  2 

4.0034-404 

1.0000 

1.  56  96*403 

NN 

1.9330 

1.8174 

2.8210*402 

1 . >295-40  ’ 

f 

INF  INITE 

2.1710-402 

3.0100-4)1 

0 . 0806"-04 

NN 

0.QS45 

1.0065--0  3 

5.394**402 

2 .8  210-402 

8  60  20118 

2.1994 

1. 0000 

2.  1094-403 

2 . 3  4 7 *"~0  3 

3. 3077 

1.3211 

3.7693-403 

3.7693"*0J 

I 

7 . 0  500--0  2 

4. 0266*404 

1.0000 

3. S609"*03 

NN 

1.9360 

1.8211 

2. 9191-402 

1 . 5 10 1 **  u2 

< 

INFINITE 

2.9710*402 

2.9960*4)1 

7. 9023"-04 

NN 

0.0599 

9.8452--04 

5.41 83-402 

2.8191-402 

860  20119 

2.1 781 

1.0000 

2.2493*403 

2.2978--0  3 

3.2801 

1.3106 

3.8828-403 

3.9023-40) 

7.9100--02 

4  .0119-404 

1.0000 

3.7665*403 

NN 

1.9290 

1.8138 

2.8206-402 

1. 5245-4y? 

1 

INFINITE 

2.9710*402 

2.9500-4)1 

3.3027"-04 

NN 

0.0559 

1.041 3"“0  3 

5. 3920-402 

2.8205-*02 

, 

860  20120 

2.1 999 

1.0000 

2.2659*4)3 

2. 1463--0  3 

3.4460 

1.4211 

3.8341-403 

3.8341**03 

8.9  500--02 

4.0291*404 

1.  iwdO 

3.9107-403 

NN 

1.8510 

1.0 44 J 

2.8151-402 

l • 5 1  *  s-4  0  2 

INF  INITE 

2.9660-402 

2. 7600-4)1 

«.  3000— -04 

NN 

0.0324 

1.0 J63--03 

5.4012-402 

2.8150-402 

860  20121 

2.2312 

1.0000 

2.2453-403 

2. 1 561--0  3 

4.5037 

1.3222 

3. 7045*403 

3. 5  60*-  "*  0  J 

\ 

9. 3000- -02 

4.0103*404 

1. 0404 

3.  0412-40 3 

NN 

1.9268 

1.8108 

2.  8063-402 

1.4)1 #-402 

\ 

INFINITE 

2.9600-402 

2. 6800*43! 

3.  6561--04 

NN 

0.0052 

1 . 1  0  7  7-  -0  3 

5.4506-402 

2. 9 06 3 "♦ C 2 

* 

860  20122 

2.2513 

1. JOOO 

2.  l734-*03 

2.2009--0  3 

3.5478 

1.3218 

3. 44  51 -*0  i 

3.4*51-405 

| 

1 .00AO--O1 

3.991 7-404 

1.0000 

3. 7*40 "♦ 03 

NN 

1.9250 

1.0099 

2.8053-402 

1.4700**02 

l 

Infinite 

2.9600-402 

2. 6900-4)1 

9.  55  30  *- 04 

NN 

0.0025 

1 .101  9*-0  3 

5.4726*402 

2.6051*402 

86020123 

2. 2039 

1.0000 

2.  4329-403 

2.1  375--03 

3. 3992 

1  .  3  35S 

3. 7328*403 

3  .7  32  )"*0? 

» 

1 .1910"-01 

4.0158-404 

1. 0000 

4.1141-403 

NN 

1.8162 

1.0006 

2.8168**02 

1  .«  06 J"*02 

1 

INFINITE 

2.9690-402 

2.7l)0«*)l 

9.  1604-- j* 

NN 

0.0402 

1.1  764--0  3 

5.422  7**02 

2.9  l  6  H  "*  0  2 

1-4 
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96020101  OUSSAUGE/GAVIGLIO  PROFILE  TA8ULATION  20  POINTS,  DELTA  AT  POINT  14 


I 

T 

PT2/P 

P/PO 

TO/TOO 

H/PO 

u/uo 

T/TO 

R/RDPU/UO 

1 

o.oooo**oo 

1.000Q*+00 

1.00022 

0.96025 

0.00000 

0.00000 

1.55435 

o.ooooc 

? 

1.7193**04 

1.U43-  +  00 

1. 00000 

0.96310 

0.51875 

0.59970 

1.33645 

0.44873 

3 

6.0258**04 

1 • 8045 "♦00 

1. 00000 

0.96947 

0. 54492 

0.62742 

1.32572 

0.47327 

4 

1.0060--03 

2 • 0083**00 

1.00000 

0.97484 

0.59700 

0.67881 

1.29237 

0. 52504 

5 

1.5020**03 

2.2250"»00 

1. ooooo 

0.97920 

0.64527 

0.72441 

1-26035 

0.57477 

6 

2.0198--03 

2. 4279*400 

1. ooooo 

0.9832  3 

0.63626 

0.76186 

1.23243 

0.61817 

T 

2.5775**03 

2.6252*400 

1.00000 

0.9852* 

0.72328 

0.79391 

1.20494 

0.65893 

8 

3.0Q85"-03 

2.7774*400 

2.00000 

0.93672 

0.75034 

0  *  81 674 

1.18401 

0.68934 

9 

3.9346*-03 

3.1326*400 

1.00000 

0.99129 

0.80942 

0.86489 

1.14177 

0.75750 

10 

5.0244--03 

3.4967*400 

1. OOOOO 

0.99530 

0.86531 

0.90797 

1.10104 

0*82465 

11 

6.0273**03 

3.8220*400 

1.00000 

0.99849 

0.91210 

0.94218 

1.06704 

0.88273 

12 

7.0  291**0  3 

4.1332*400 

I. ooooo 

1.00121 

0.95457 

0.97168 

1.03617 

0.93776 

13 

9.0432*-03 

4.3684*400 

1.00000 

1.00134 

0.93539 

0.99156 

1.01257 

0.97  92  5 

0  14 

8.9697**03 

4.4827*400 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

1.03090 

15 

1 . 004  8 *-02 

4.5249*400 

1. ooooo 

0.99698 

1.00534 

1.03178 

0.99291 

1.00873 

16 

1.2027--02 

4. 5226*400 

1. ooooo 

0  •  9  9  3o  3 

1.00506 

0.99992 

0.98979 

1.01023 

IT 

1.4044"- 02 

4.5226*400 

1.00000 

0.99296 

1.00506 

0.99958 

0.98912 

1.01057 

19 

1.6039--02 

4.5249*400 

1.00030 

0.99295 

1.00534 

0.99975 

0.98990 

1.01097 

19 

1  • 80  57"-02 

4.5294*^00 

1.00000 

0.99296 

1.00591 

1.09010 

0.98848 

1.01176 

2C 

1 . 904  5"-02 

4. 5317*400 

1. ooooo 

0-992  96 

1.03620 

1.09027 

0.98826 

1.01 216 

86020105  OUSSAUGE/GAVIGLIO  PROFILE  TABULATION  23  POINTS,  OELTA  AT  POINT  19 


I 

T 

PT  2/P 

P/PO 

To /TOO 

M/MD 

u/uo 

T/TO 

R/RO*U/UQ 

1 

0.0000"*00 

1.0000"*00 

1. 00030 

0.96031 

0.00000 

0.00000 

1.55241 

0.00000 

2 

1.5497"-04 

1. 3615"*00 

1.00030 

0.962*5 

0.38664 

0*46148 

1.42455 

0.32395 

3 

2.1 13  3"~04 

1. 4573"+ 00 

1.00000 

0 .96261 

0.429*3 

0.50761 

1.33725 

0.36329 

4 

3.2407--04 

1  •  62  55  00 

1.00000 

0.96275 

0.49143 

0.57203 

1.35492 

0.42219 

5 

5.0253--04 

1. 7711 "*00 

1.00000 

0 ♦ 9  65  77 

0.536*0 

0.51774 

1.32627 

0.48577 

6 

6.7022"-04 

1.  8641 **0  0 

1. ooooo 

0.97267 

0. 58202 

0.6*475 

1.31608 

0.48990 

7 

1.0453--03 

2 • 03 17"*0G 

1.00000 

0.97*35 

0.6035* 

0.68467 

1.29689 

0.53203 

9 

1.3444--03 

2.1 575"*00 

1. ooooo 

0.97754 

0.63191 

0.71158 

1.26806 

0.56115 

9 

1.6825--03 

2.276Q**00 

1.00000 

0.98005 

0.65702 

0.73495 

1.25127 

0.58736 

10 

2 .0583*- 03 

2. 3950*^00 

1.00000 

0.98206 

0.68100 

0.75666 

1.23456 

0.61 270 

11 

2.4214--03 

2.5321*»00 

1.00000 

0.93371 

0. 70T31 

0.77994 

1.21S59 

0.6*153 

12 

2.7030--03 

2.61 73"*00 

1.00000 

0.93509 

0.72309 

0.77350 

1.20423 

C. 65973 

13 

3.6784--03 

2 . 9919*>  00 

1. ooooo 

0.93960 

0.79795 

0.94752 

1.15699 

0.73259 

U 

4.6927*- 03 

3. 36*0**00 

1. ooooo 

0.99330 

0.8*695 

0.89381 

1.11397 

0.90236 

15 

5.6978--03 

3.7329-+0C 

1.00000 

0 .9937*’ 

0. 901 07 

0.93233 

1.070S9 

0. 97096 

16 

6.6580--C3 

4.0140*^0C 

1. ooooo 

0.9971? 

0. 9*014 

0.96C31 

1.0*336 

0.  92040 

17 

6.6634"-03 

4. 06*4  *»0  0 

1.00000 

0.99933 

0. 9*698 

0.95611 

1.0*081 

0.92822 

18 

7  .6768**03 

4.  31  il*^00 

1,  00000 

1  .0003* 

0.93027 

0.99809 

1.01596 

0.97256 

0  19 

8.6988"-03 

4.4692"*0C 

1.00000 

1.00000 

1.00000 

1.00000 

1 .oooco 

1.00000 

20 

9. 5427^-03 

4.5109**0C 

1,00000 

0.99732 

1.00530 

1 .00217 

0.99379 

1.008*3 

21 

1.0462*-02 

4. 5154-40 0 

1.00000 

0  .9  954  7 

1.0053T 

1.00134 

0.99103 

1.01041 

22 

1.5689*-02 

4 »  50  33 *♦ 00 

1.00000 

0.9924* 

1.00433 

0.99888 

0.99918 

1.00991 

>  » 

1.8672  *-02 

4.49*,6*»0C 

1. ooooo 

0.992*5 

1.00347 

0.99836 

0.99983 

1.00962 

96020108  OUSSAUGE/GAVIGLIO 

I  T  oT2/P 


1 

0.0000"*00 

1. 0030**00 

2 

5,08J0*-04 

1. 7108"f00 

3 

5, 9100"-0* 

1. 7600"-*00 

4 

8.0300"-0* 

1. 9267"*00 

5 

1 .0  800*-0  3 

1. 9390"»00 

6 

1 .6600**03 

2. 12 64 "*00 

7 

2 , 1 70  0**03 

2  •  30  07*»  00 

0 

2*6900**03 

2. 4095"»OO 

9 

2 ,9100**03 

2 . 55  40"*00 

10 

3,3000**03 

2.  6813 OC 

11 

3, 8200**03 

2, 86  54 "♦OO 

12 

4,8200**03 

3. 182d*400 

13 

5.8700**03 

3.  5057**  QG 

14 

6.9200**03 

3.8334">00 

15 

7,9000**03 

4 • 08  77"*0C 

16 

8,9400**03 

4. 3148*400 

17 

9.8460**03 

4  •  41 75 "4  00 

1  18 

1 .0  9*  9“-02 

4*46 16*400 

19 

1.2966**0 2 

4 , 46  38  "4  00 

20 

1,6019**02 

4.4670*400 

PROFILE  TABULATION  20 


P/PO 

TO/TOD 

H/NO 

t.OOOll 

0.96037 

0.00000 

I. ooooo 

C. 97134 

0.51907 

1. OOOOO 

0.97438 

0.53372 

1. ooooo 

0  .9777  5 

0.57970 

1.00000 

0  .99112 

0.58178 

1.00000 

0.984J3 

0.62588 

1. Ooooo 

0.99820 

0.66273 

1.00000 

0.99056 

0.69996 

1.00000 

0.99150 

0.71284 

1.00000 

0  .99326 

0.73536 

1.00000 

0.99582 

0.76752 

1.00000 

0 .99966 

0. 819S7 

1. ooooo 

1.00337 

0. 08911 

1. ooooo 

1.00573 

0.91614 

1.00000 

1.00641 

0.95103 

l.OOCOO 

1  .00506 

0.99107 

1.00030 

1.00236 

0.97436 

1.00030 

1.00000 

1.00000 

1.  000  00 

0 .9  9793 

1.00091 

1.00000 

0.99779 

1.00068 

3INTS,  DELTA  AT  ©OINT  10 

U/UO 

T/TO 

R/RDPU/UD 

0.00000 

1.551 39 

0.00000 

0.83219 

1. 34592 

0.44742 

0.61765 

1.33922 

0.46120 

0.66224 

1.30955 

0.50570 

0.66630 

1.31167 

0.50798 

0 .70843 

1.29202 

0.55259 

0.74293 

1.25666 

0.59119 

0.77612 

1.22945 

0.63127 

0.787*3 

1.22021 

0.64532 

0.80695 

1.20387 

0.67021 

0.83398 

1.18040 

0.70644 

0.07604 

1.14258 

0. 76673 

0. 91422 

1.10650 

0. 82622 

0.94824 

1.07131 

0.88512 

0.97192 

1.04442 

0.93058 

0 .97085 

1.01962 

0.97159 

0.99767 

1.00668 

0.99105 

1 .ooooo 

1.00000 

1. OOOOO 

0.99955 

0.99729 

1.00227 

0.99941 

0.997*6 

1.00196 

KMI2-C-J 
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36020111  OUSSAUGE/GAVIGLIO 

PR  1FZLE 

TaBULAT  13U 

20 

PDINT$,  OS 

lt*  at  point  lo 

1 

r 

PT2/P 

P/PO 

TQ/TjJ 

H/HD 

U/UD 

T/7D 

R/RO*U/UD 

1 

o.oooo**oo 

1.0000"*00 

0. 53057 

0.96079 

0. 00000 

0.00000 

1.54257 

0.00000 

2 

1 .7  370"- 04 

1 • 3019**Q0 

0.  53047 

0.96423 

0.35960 

0.43088 

1.43576 

0. 15  926 

3 

6.0  6  88"-Q4 

3.l688"+00 

0.  53067 

0.96543 

0.82397 

0.86364 

2.09868 

0.41 71 5 

4 

1 .0614"- 03 

3.  51  59"* JO 

0. 53047 

0.96765 

0.87753 

0.90327 

1.05954 

0.45240 

5 

1.612  3*- 03 

3.7477"*00 

0.53067 

0.97049 

0. 91138 

0.9280S 

1.03693 

0.47495 

6 

2.1141--03 

3.9278"*00 

0. 53067 

0.97271 

0.93673 

0. 94601 

1.01980 

0.49227 

7 

2. 6509"- 03 

4.11 32"*Q0 

0.  53067 

0.9750  7 

0.96218 

0.96349 

1.00314 

0.  50930 

8 

3.13O8--03 

4.2746"*00 

0.  530&7 

0.9770 ) 

0.98374 

0.97837 

0.98912 

0.52490 

9 

4.1256--03 

4  •  64  66  *  *0  0 

0. 53067 

0.98113 

1.03161 

1.00968 

0.95793 

0.55933 

10 

5.1336"-03 

4.7549"*00 

0. 57120 

0.9851 7 

1.04511 

1.01975 

0.95204 

0.61132 

11 

6.1119 *-03 

4.7340"*00 

0.63573 

0.9883? 

1.04253 

1.02014 

0.95751 

0*67732 

12 

7.1 434"-03 

4,719  7 "♦0  0 

0.70560 

0.99225 

1. 04075 

1.02032 

0.96208 

0.74868 

13 

8.0384--03 

4.7248"*00 

0.76587 

0.99523 

1.04138 

1.02276 

0.96455 

0.8120  3 

14 

9. 1 548  *-03 

4.7086“*00 

0.  84000 

0.9989  > 

1.03937 

1.02346 

0. 96963 

0 . 83664 

IS 

1.0062--02 

4 .6681 "*00 

0. 89867 

1 . 000  .>4 

1.03431 

1.02113 

0.97468 

0.94150 

0  16 

1.2163--02 

4. 3989**©0 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

1 . 00010 

17 

1.3202*-02 

4.4024**00 

1.00363 

0.99839 

1.00046 

0.99978 

0.99864 

1.00477 

ia 

l.S20l*-02 

4.42  86m*o0 

1. 0j3s3 

0.997 JO 

1.00335 

1.00104 

C. 99441 

1.01032 

19 

1 .720  9"-02 

4.4295**00 

1.00363 

0.99731 

1 .003  97 

1.00111 

0.99433 

1.01048 

20 

1 .923  3*-02 

4. 42  60  **00 

1.00343 

0.99730 

1.00351 

1.00083 

0 . 9  94  67 

1.00984 

36020114  DUSSAUGE/GAVIGlIO 

PROFILE 

TASULATIQN 

25 

points,  d= 

L  T  A  AT  POINT  23 

I 

r 

PT  2/P 

p/p-5 

TO/TCU 

H/MD 

U/UD 

T/TO 

R/9  D*U/UQ 

1 

0. OOOOm*OQ 

1 .0000"*00 

1.00000 

0.94932 

0.00000 

0.00000 

1 .83644 

0. OOOOO 

2 

1.6090--04 

1 • 1 735**00 

1. ooooo 

0.9672  3 

0.22387 

0.2992  3 

1.73652 

0.16749 

3 

3-*87*»-04 

1  . 741 4 "*0  0 

1.00000 

0.96790 

0.42392 

0 . 54  206 

1.59713 

0.33940 

4 

5. 0630"- 04 

2.312  7"*00 

1.00000 

0.96943 

0.54009 

0 . 6555  3 

1.4  1322 

0.44497 

5 

8 . 2662 "-04 

i.060l"*00 

1.  00000 

0.97263 

0.64946 

0.75441 

1 . 34929 

0. 55912 

6 

1.1547--03 

3. 349d"*00 

1.00000 

0.97737 

0.6864) 

0.78644 

1.31237 

0. 5*92  5 

7 

1 . 74  97»- 03 

J. 5803"*00 

1.  00000 

0.9814J 

0.71 445 

0-30994 

1.23518 

0 .63022 

8 

2.1557--03 

3  •  7  2  JO  "♦  0  0 

l. 00000 

0.98412 

0.73084 

0. 82352 

1.2*971 

0.64  859 

9 

2.7084--03 

3. 8919**00 

1.00000 

0. 986 22 

0.750*6 

0.8J923 

1.25055 

0.67109 

10 

3.1T07--03 

4.0543**00 

1.00000 

0.98953 

0.76852 

0.35846 

1.21328 

0.69202 

11 

4. 2027 "-03 

4. J737**00 

1.00000 

0.9  92  90 

0.80277 

0.878 90 

1.1 9857 

0.  7  3  323 

12 

5.1785"-Q3 

4. 6310“*00 

1.00000 

0.99662 

0.83434 

0.9ol69 

1.16798 

0.77201 

13 

6 . 200  4"-0  3 

4.9744**O0 

1.00000 

1.00000 

0.86336 

0.92188 

1.14015 

0.80856 

14 

7.2064--03 

5.26 34 "*00 

1. ooooo 

1.00270 

0.89146 

0.94049 

1.1 1303 

0.84498 

15 

8.2217"- 03 

5.  55 08  *♦ 00 

1.00000 

1.00473 

0.91761 

0.95700 

1.03770 

0.87984 

16 

9.210  5"-0  3 

5.  8222**00 

1.00000 

1 .00540 

0.942  35 

0.97135 

1.06317 

0.91 363 

17 

1.0161--02 

6.  04 13 "♦ 00 

1.00000 

1 .00574 

0.96130 

0.93222 

1.04399 

0.94093 

18 

1.1241--02 

6.  26 37 *♦  00 

1.00000 

1.00638 

0.93047 

0.99276 

1.02523 

0.96833 

19 

1  •  2 164"- 02 

6.  36 1 9  " ♦  0 0 

1.00000 

1.00574 

0.93830 

0.99701 

1.01668 

0.98066 

20 

1  .3  23  6"~02 

6.4222**00 

1.00000 

1.00541 

0.99339 

0.99952 

1.011 35 

0.98829 

21 

1.4274--0 2 

6.*802-*00 

1. 00000 

1.00405 

0 .99875 

1.00138 

1.00527 

0 .9  <613 

22 

1  .526  3--0Z 

6.  4912**  00 

1.0  00  00 

1.00203 

0.99968 

1.00085 

1.00234 

0 .99851 

0  23 

1.62S0--02 

6. 495i"*00 

1. 00000 

1.00030 

1.00000 

1.00000 

1.00000 

1.00000 

24 

U7272--02 

6.540l"*00 

1.00000 

1.00000 

1.00375 

1.00193 

0  •  9  9o  38 

1.00557 

25 

1.9279--02 

6.6956"*00 

1.00000 

1.00000 

1.01662 

1.00849 

0.98408 

1.02481 

86020118  DUS S AUGE/GAV XGL I 0 

PROFILE 

TABULATION 

31 

POINTS,  d= 

LT  A  AT  POINT  2 4 

I 

r 

PT  2/P 

P/PO 

TO/ TOO 

M/HP 

U/UD 

T/TD 

R/R  D*  U/UD 

1 

Q.QQOQm*QO 

l.00J0"*00 

1.00000 

0. 94895 

o. ooooo 

0. OQOOO 

1. 36633 

0.00000 

2 

1.5639--04 

1 • 4069"*  00 

1.00000 

0 . 9  63o5 

0.32543 

0.42675 

1.71975 

0.2*315 

3 

4.2758"-04 

2. 2169**00 

1. ooooo 

0.96567 

0. 51464 

0.63290 

1.51239 

0.41 648 

4 

6.5467"-04 

2 • 6030"*  00 

1. ooooo 

0.96735 

0.57516 

0.69062 

1.44179 

0 . 4  7  90  0 

5 

9.0430--04 

2.  91  25"*00 

l.OOOOC 

0.97071 

0.619*9 

0.73023 

1.3 9397 

0.  52  33  5 

6 

1 .1 794«-03 

3.  1886"*00 

1.00000 

0.97341 

0.654  36 

0.76147 

1.35418 

0.55231 

7 

1.4341--03 

3.4695"*00 

1.00000 

0.97576 

0.688  73 

0.79006 

1.31589 

0.6J040 

8 

1.6825*-03 

3 • 64 11 "*00 

1.00000 

0.97745 

0.70883 

0.80634 

1.29406 

0.6231 1 

9 

1.9445»-03 

3.8318 "*0  0 

1.00000 

0 .9794  7 

0.73047 

0.02351 

1.27096 

0.6*  794 

10 

2  •  1 780“-O3 

3. 9535"*00 

1. ooooo 

0.98051 

0.74393 

0.83400 

1.25600 

0,66359 

11 

2.4345--03 

4.06  82  **00 

1. 0 J000 

0.98216 

0.75639 

0.84359 

1.24387 

0,67820 

12 

2 .690  B"-03 

4  « 1614 "♦ JO 

1.00000 

0.98351 

0.76635 

0.85127 

1.23393 

0,68989 

13 

2 .9  30  4  *-0  3 

4.2334"*00 

1.00000 

0.98435 

0.77394 

0.05721 

1.22676 

0.69876 

14 

3.1 933"-03 

4.  32  09"*  00 

1.00000 

0.98620 

0.79308 

0.86417 

1.21783 

0.70960 

15 

4.2l96*-03 

4,  64 (|7 "♦  0 0 

1.00000 

0.99057 

0.81554 

0.86810 

1.1 9586 

0, 74891 

16 

5.l660"-03 

4.9331 "*00 

1.00000 

0.99452 

0.94409 

0.900*8 

1.15838 

0.79427 

IT 

6.2208--03 

5.23  35"*00 

1.00000 

0 .997*4 

0 . 87242 

0.92757 

1.13043 

0.82055 

18 

7.2O9--03 

S.  52  65  "*00 

1. ooooo 

1 .00034 

0.89915 

0.94490 

1  .  i  G  4  34 

0.85562 

19 

9.237*"-03 

5. 7931 "*00 

1. ooooo 

l .00202 

0.92290 

0.95941 

1 .09092 

0.89758 

20 

9.2380--03 

6, 0264 "*00 

1.00000 

1.00269 

0.94298 

0.97107 

1.06046 

0.91  57  1 

21 

1 .0  25 i"-02 

6. 27  35  **00 

1.00000 

1.00303 

0.96390 

0 .9$264 

1.03926 

0.94552 

22 

1 .1264--02 

6.4813 "♦ 00 

1. ooooo 

1.00236 

0.98113 

0.9)144 

1.02113 

0.97093 

23 

1 . 2  2  6  8"-0  2 

6.6327-400 

1.00000 

1.001 53 

0.99350 

0.99752 

1.00811 

0.98949 

0  24 

1.3294--02 

6. 71 31"*00 

1.00000 

1 .00000 

1.00000 

1. OOOOO 

1.00000 

1. OOOOO 

25 

1.4302"-02 

6. 7210**00 

1.00000 

0 .99798 

1.00064 

0.99931 

0.99736 

1.00196 

26 

1 . 531 0"-02 

6.7295*400 

1. ooooo 

0.99653 

1.00132 

0.99898 

0.  9953* 

1.00366 

27 

1.6315 *-02 

6. 7261 **00 

1.00000 

0.99630 

1.00105 

0.99868 

0.99527 

1.00342 

28 

1.7J20"-02 

6. 7345**00 

1.00000 

0.99630 

1.001 73 

0.99902 

0.99461 

1.00444 

29 

1.8310"- 02 

6.7306**00 

1.00000 

0.99630 

1.00141 

0.99886 

0.99492 

1.00396 

30 

1.9351 "-02 

6.  7628**00 

1.00000 

0.99630 

1.09400 

1.00017 

0.992  39 

1.00785 

31 

2.0342"-02 

6. 7895**00 

1 , 0 000  o 

0.99630 

1. 00614 

1  .00125 

0,99030 

1.01105 

121-6 


8A02-C-4 


86.-20120  OUSSAUGE/GAVIGLlQ  PROFILE  TABULATION  2?  POINTS.  06 LT A  AT  POINT  23 


I 

Y 

PT  2/P 

P/P  D 

TO/TOO 

H/HD 

U/UD 

T/TD 

R/RO*U/UO 

1 

0.0000"*00 

1.0000*400 

1.00000 

0.94913 

0.00000 

0.00000 

1.85864 

0.00000 

2 

9.0  8  92*-04 

2.8464*400 

1.00000 

0.97202 

0.61245 

0.72471 

1.40018 

0.51759 

3 

9.6l58"-04 

2. 8 7 24 *+00 

1.00000 

0.97269 

0.61602 

0.72806 

1.39634 

0.52122 

4 

1.1595"-03 

3.0119*400 

1.00000 

0.97472 

0.63470 

0.74483 

1.37713 

0. 54036 

5 

1.414  B“-03 

3. 2071 **00 

1. 00000 

0.97741 

0.65933 

0  .76681 

1.35057 

0.567T7 

6 

1.6558*-03 

3.3689*400 

1.00000 

0.97910 

0.67988 

0.78371 

1.32876 

0. 58981 

7 

1.8541 *-03 

3.4971 ■♦00 

1.00000 

0.98045 

0.69533 

0.79647 

1.31208 

0.60703 

8 

2 -0641--03 

3.6230*400 

1.00000 

0.981t6 

0.71013 

0.80836 

1.29579 

0.62334 

9 

2 .3162"-03 

3. 7577 *♦  00 

1.00000 

0.983O8 

0.72562 

0.82096 

1.28006 

0.64134 

10 

2.6l46*-03 

3.8329*400 

1.00000 

0  .98433 

0.73969 

0.83201 

1.26521 

0.65761 

11 

3.1314--03 

4.  0831 "♦ 30 

1.00000 

0.98753 

0.76162 

0.84911 

1.24295 

0.68314 

12 

3 .681 0"-03 

4. 2394 ■♦00 

1.00000 

0.99360 

0.77829 

0.86356 

1.23111 

0.70144 

13 

4 ■ 1 982*-Q  3 

4, 39QO"*O0 

1.00000 

0.9922? 

0.79401 

0.87388 

1.21130 

0.72144 

14 

5  •  1 99  7 *-03 

4.6948*400 

1.00000 

0.99612 

0.82484 

0.89632 

1.18081 

0.75907 

15 

6.2111--03 

4.9682*400 

1.00000 

0.99933 

0.85152 

0.91500 

1.15465 

0.79245 

16 

7.2310"-03 

5. 2546  *♦00 

1.00090 

1.00135 

0. 37857 

0.93300 

1.12774 

0.82732 

17 

8. 2238*-03 

5.  52  80  **00 

1.00000 

1.00371 

0.90350 

0.94898 

1.10273 

0.86049 

18 

9. 231Q"-03 

5. 8014 "♦OO 

1.00000 

1.00438 

0.92735 

0.96330 

1.07763 

0.89391 

19 

1.0242*-02 

6. 0  5  62  *♦00 

1.00090 

1.00472 

0.96007 

0.97534 

1.0  54  39 

0.92497 

20 

1.1262--02 

6. 2909 ■♦ 00 

1.00000 

1.00405 

0.96993 

0.98632 

1.03396 

0.95392 

21 

1.2286--02 

6. 4352  *400 

1.00000 

1.00303 

0.98616 

0 .99436 

1.01671 

0.97802 

22 

1 .3246--02 

6. 60 19*4  00 

1.00000 

1.00169 

0.99575 

0.93867 

1.00586 

0.99285 

0  23 

1  .4100"-Q2 

6, 6540  *♦ 00 

1.00090 

1.00090 

1.00000 

1.00000 

1.00000 

1.00000 

24 

1.5042--02 

6. 7001 ■♦OO 

1.00000 

0.99865 

1.00375 

1.00123 

0.99500 

1-00627 

25 

1 .6167*-02 

6.7396*+00 

1.00090 

0.99798 

1.00694 

1.00251 

0.99122 

1.01140 

26 

1.7l36*-02 

6.  72  56  *♦  00 

1.00000 

0.99793 

1.00589 

1.00198 

0.99224 

1.00932 

27 

1.9332*-02 

6. 6996 "♦OO 

1.00000 

0.99793 

1 .003  70 

1.00037 

0.99437 

1.00654 

36020121  OUSSAUGE/GAVIGLIO  PROFILE  TABULATION  27  POINTS,  DELTA  AT  POINT  23 


I 

T 

PT  2/P 

1 

0.0000*400 

1. 0000*400 

2 

1.5000*-04 

1. 4172*400 

3 

2.0000--04 

1. 7951*400 

4 

3.0000--04 

2.1024*400 

5 

4.0000*-04 

2.2298*400 

6 

5 • 0000  *- 04 

2.  3426"+  0  0 

7 

8. 0000*- 04 

2.6012*400 

8 

1.0000 0*03 

2.7455*400 

9 

1.5000**03 

3.1645*400 

10 

2 . 000  0  *-03 

3.5967*400 

11 

2. 5000"-03 

3.9088*400 

12 

3 • 0  000 "-0  3 

4.1140*400 

13 

3 • 500  0"-03 

4.3117*400 

14 

4.00Q0"-03 

4.4813*400 

IS 

4 . 5000*-03 

4.6160*400 

16 

5. 00000-03 

4.7879*400 

17 

6.000Q"-03 

5.0721-400 

18 

8.0  00  0  *-03 

5.  6553*400 

19 

1.00000-02 

6.1773*400 

20 

1 . 2QQ0"-02 

6.6215*400 

21 

1.40000-02 

6. 8503*400 

22 

1.5000*-02 

6. 8600*400 

D  23 

1.7000"-02 

6. 9052*400 

24 

1.80000-02 

8.9173*400 

25 

1 .9000"-02 

6.8652*400 

26 

2.00000-02 

6.9563*400 

27 

2.1 000*-02 

6. 9598*400 

P/PD 

TO/TOD 

m/md 

1.04041 

0.94807 

0.00000 

1. 00000 

0.96723 

0.32407 

1. ooooo 

0.96723 

0.42710 

1. OOOOO 

0.96791 

0.43724 

1.00000 

0.96926 

0.50900 

1.00030 

0.97061 

0. 52723 

1.03000 

0.97399 

0.56618 

1.00000 

0.97635 

0.59656 

1.00000 

0.97973 

9.641*6 

1.00000 

0.98277 

0.69232 

1.00000 

0.98531 

0 .727  33 

1. ooooo 

0.99851 

0.7*978 

1.00000 

0.99036 

0.77023 

1.00000 

0.99325 

0.73744 

1.00000 

0.99527 

0.800  78 

1.00000 

0.996)6 

0. 91748 

1. ooooo 

1.00063 

0.8*435 

I. ooooo 

1.00540 

0.89637 

1.00000 

1.00642 

0.94138 

1.00090 

1.00473 

0.97757 

1.09000 

1.00237 

0.995  70 

l. ooooo 

1.001)2 

0.99803 

1.00000 

1.00000 

1.00000 

1.00000 

1,00000 

1.000 94 

1.03000 

1.00000 

0.99687 

1.00000 

1.00000 

1.00399 

1.00000 

1.00000 

1. 00425 

u/uo 

T/TO 

R/RD*U/UO 

0.00000 

1.89372 

0.00000 

0.42855 

1.74879 

0.24506 

0. S4605 

1.63458 

0.33406 

0.60918 

1.56318 

0.38971 

0.63134 

1.53846 

0.41037 

0.64956 

1.51789 

0.42793 

0.68743 

1.47413 

0.46632 

0.70678 

1.45194 

0.48678 

0.75559 

1.33750 

0.54457 

0.79824 

1.32747 

0.60132 

0.82613 

1.28835 

0.64123 

0.34333 

1.26512 

0.66660 

0.85892 

1.24337 

0.69030 

0.87182 

1.22582 

0.71122 

0.88176 

1.21248 

0.  72724 

0.39360 

1.194  90 

0.74785 

0.91257 

1.16813 

0.78122 

0.94672 

1.11425 

0.84965 

0.97243 

1.06705 

0.91133 

0 . 99091 

1.02749 

0.964*0 

0.99902 

1 . 00668 

0.99239 

0 .999S  2 

1.00299 

0.99654 

1.00000 

1.00000 

1.00000 

1  .000 47 

0. 99906 

1.00141 

0  c-% 

1.00314 

0.99531 

1 

'.99603 

1.00599 

I.l  ?l 

- .99576 

1.00639 

K603-A-1 


I2J-1 


^ - 

M(inf) :  2.87 

R  Theta  «  10->:  84-100 

TW/TR:  1.11 

8603 

- 

ZPG 

Blowdown  tunnel  with  symsetrical  contoured  nozzle.  Max.  running  time  "several 

minutes",  normally  60  seconds.  W  =  R  =  203  mi.  L  up  to  2.7  m. 

PO:  0.69  MN/m2.  TO:  250-255  K.  Air.  He/m  *  10"*:  65. 

SPINA  E.F.,  SMITS  A.J.,  1987.  Organised  structures  in  a  supersonic  turbulent 

boundary  layer.  J.  Fluid.  Mech.  182,  85-109. 

And:  Spina  &  Smits  (1986).  Data  tapes,  and  private  communi cat ions. 

1  The  general  arrangements  for  the  experiment  were  as  for  the  CCF  tests  described  in  CAT7904T, 
q.v..  The  test  surface  however  was  flush  with  the  tunnel  floor  starting  0.892  a  (probably, 
in  fact,  0.902  ■)  from  the  nozzle  exit  (X=0).  The  principal  profile  aeasureaents  were  Bade 
over  the  range  1.057  <  X  <  1.515  ■  under  ZPG  conditions,  along  the  centreline  of  the 

5  floor.  Flow  uniformity  was  carefully  checked  by  very  detailed  static  and  Pitot  pressure 
surveys,  at  fixed  Y,  both  along  the  centre  line  and  across  the  flow  at  X  *  1.362  m, 
backed  up  by  five  Pitot  profiles  at  stations  across  the  flow,  again  at  X  -  1.362  m.  The 
free-streaa  Mach  number  is  quoted  as  2.87  +/-  0.05,  with  a  mass-flux  turbulence  level  of 
1  -  1.5*.  A  spanwise  "peak  to  peak  variation  of  less  than  6*  in  static  pressure  -  with 
streamwise  6%  -  1.4*  in  Mach  number"  and  a  "slight  adverse  pressure  gradient  -  considered 
small  enough  to  be  neglected"  is,  slightly  confusingly,  reported,  with  "a  10*  variation 
in  Pitot  pressure  -  most  probably  due  to  the  constriction  of  the  side  wall  boundary 
layers  through  the  -  nozzle"  (pp.  41-42,  Spina  &  Suits  1986). 

6  A  50.8  mm  wall  instrumentation  plug  could  be  inserted  at  X  5  1.362  b,  which  carried  a 
static  pressure  tap  (d  =  0.81  mm)  and  four  "Kulite"  minature  pressure  transducers  mounted 
symmetrically  in  a  straight  line  at  5.08  mm  intervals.  The  transducer  sensing  element  waa 
0.71  jm  in  diameter  and  the  useful  frequency  range  was  estimated  as  0  -  40  kHz.  The  plug 
could  be  rotated  so  as  to  yew  the  line  of  transducers.  Preston-tube  measurements  were  Bade 
at  43  streamwise  locations,  and  reduced  using  the  Hopkins  &  Keener  T*(1966)  calibration. 

7  The  probes  used  for  mean  flow  measurements  were  similar  to  those  used  for  CAT7904T,  q.v., 
and  as  in  that  experiment,  mounted  on  supports  fixed  to  the  roof  of  the  tunnel  (in 
contrast  to  CAT8601T).  Normal  HWP  surveys  were  made  using  both  single  wire  probes  and 
multiple  wires  mounted  in  an  array  operating  in  the  CT  mode.  This  consisted  of  two  probes, 
each  usually  carrying  two  wires  with  a  vertical  separation  of  about  2  mm.  The  separation 
between  the  pairs  of  wires  could  be  varied  as  desired.  Double  wire  probes  were  used,  with 
vertical  separations  of  2.38,  2.58  mi,  and  a  triple  wire  probe  with  separations  of  2.58, 

9  3.17  and  5.75  mi.  The  active  length  was  about  0.8  mm  with  a  wire  diameter  of  5  jjm.  The 
probes  were  operated  in  the  constant-temperature  mode.  Total  temperature  was  not  measured, 
a  linear  variation  giving  TO  -  1.04T0D  at  the  wall  being  assumed,  after  Taylor,  CAT8401T. 

12  The  editors  have  presented  all  the  mean  flow  data,  for  nine  stations  along  the  centre-line. 
We  have  replaced  the  author's  D-state  by  a  state  selected  on  the  basis  of  the  P0  profile, 

13  with  additional  consideration  given  to  the  reported  turbulence  levels.  The  turbulence 
data  are  given  in  association  with  mean  flow  values  as  interpolated  by  the  authors  to  the 
Y- values  of  hot-wire  probe  measurements.  There  are  no  HWP  data  for  stations  05  fc  07,  while 
the  original  report  includes  two  profiles  for  a  station  downstream  of  the  last  mean  flow 
profile.  These  have  not  been  presented  here. 

8  Data:  83030101-09.  Pitot,  static  pressure  and  TO  profiles,  NX  =  9.  CF  from  Preston  tubes. 
Normal  hot-wire  profiles,  NX  =  7. 

15  Editors'  cowMnts: 

The  authors'  D-state,  based  on  a  1*  specific  mass  flow  deficit,  is  a  consistent  definition 
and  at  these  Mach  numbers  should  correspond  to,  approximately,  a  P0  deficit  of  about  5*. 
Unless  they  can  pick  it  out  directly  from  the  hot-wire  data  -  which  we  doubt  -  it  is  a 
little  clumsy,  as  it  is  defined  as  a  deficit  from  a  quantity  which  itself  must  be 
calculated  for  the  "pressure-based  reference  flow".  We  again  urge  the  use  of  P0.  The 
tendency  is  then  to  a  quantity  which  is  in  principle  constant,  even  if  there  are 
substantial  normal  pressure  gradients  (Ch.7,  Afl  253). 
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Rather  than  use  the  earlier  data  for  this  boundary  layer  (Vaa  et  al.  CAT7601),  fresh  mean 
flow  data  was  obtained  specifically  for  use  in  conjunction  with  the  turbulence  data.  These 
have  been  studied  in  unusual  detail.  Measurements  taken  extended  far  beyond  the  single 
component  turbulence  results  and  mean  flow  data  presented  here.  There  are  large  quantities 
of  data,  presented  graphically,  covering  the  space  and  time  correlations  between  multiple 
wires,  the  four  pressure  transducers,  and  wire  and  pressure  signals.  The  emphasis  is  on 
the  information  which  spatial  and  temporal  correlations,  with  and  without  conditional 
sampling,  can  give  about  the  Hlarge  scale  structures"  of  boundary  layer  turbulence. 

These  data,  with  CAT7601,  provide  the  ZPG  background  for  the  various  Princeton  experiments 
described  in  this  volume.  The  substantial  amount  of  ZPO  data,  covering  the  whole  area  used 
in  the  other  experiments,  shows  that  the  boundary  layer  turbulence  structure  is  fully 
established  at  the  start  of  those  tests.  Other  workers  will  be  able  to  compare  their  own 
undisturbed  flow  data  with  these  and  so  allow  for  any  systematic  differences  resulting 
from  probe  or  data-r eduction  techniques,  which  are  fully  discussed  in  Spina  A  Smits,  1987. 

The  mean  flow  data  are  covered  in  fine  detail,  but  do  not  quite  extend  within  the  momentum 
deficit  peak.  The  values  of  H12K  correspond  to  a  fully  developed  layer.  Agreement  with  the 
inner  and  outer  laws  is  good  (figs.  10.1.1-2)  save  close  to  the  wall.  Here  it  is  arguable 
that  the  way  in  which  the  probes  and  their  supporting  fairings  reach  across  the  tunnel 
must  inevitably  introduce  a  proportionally  large  uncertainty  in  low  values  of  Y.  However, 
the  lowest  value  of  Y  is  identical  for  all  profiles,  suggesting  that  the  probe  ia  in 
contact  with  the  wall, so  that  the  lack  of  agreement  at  low  Y+  values  may  well  be  ascribed 
to  a  lack  of  shear  and  wall  probe  corrections,  probably  the  normal  practice  of  the 
laboratory  (e.g.  Taylor,  CAT8401T  for  a  specific  statement).  The  turbulence  data  are 
discussed  in  ch.  11.2  (figs.  11.2.2-4).  Spina  (1988)  reports  single  v’ 2  and  u' v'  profiles 
which  were  not  available  to  us  at  the  time  of  writing  but  will  be  available  on  the  data 
tape. 
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TO/TOO 

M/NO 

u/uo 

T/TD 

R/R0*U/U9 

1 
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Turbulence  Data 


X  -  1 . 0570E+00  UTAU  *  2.2130E+01  RBOV  =  2.8300E-01  UIBF  »  5.6939E+02  MUEV«  1.7033E-0S 
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1.9130140 

8.3670E-1 
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13 
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14 
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6.8332140 

1.4571140 
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15 
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6.3727140 

1.1649140 

4.63751-1 
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9.84241-1 

5.7094140 
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3.36921-1 

17 
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9.89361-1 
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U 

2*28601-2 

2.7950140 

9.91971-1 

4.0724140 

3.96521-1 

1.49431-1 

19 

2.43001-2 

2.8330140 
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20 
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2.8550140 
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2.1263140 

9.80641-2 
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21 
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1.4486140 
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1.63541-2 

D  22 

2.86701-2 

2.8710140 

1.0000140 

1.1572140 

2.83521-2 

1.02941-2 

23 

3.00401-2 

2.8800140 

1.0012140 

1.0165140 

2.15801-2 

7.80351-3 

24 

3.15501-2 

2.8800140 

1.0012140 

8.03561-1 

1.34841-2 

4.87591-3 

25 

3.29901-2 

2.8890140 

1.0023140 

8.73491-1 

1.57181-2 

5.66141-3 

26 

3.44501-2 

2.8890140 

1.0023140 

8.41991-1 

1.46051-2 

5.26041-3 

27 

3.59101-2 

2.8820140 

1.0015140 

8.15931-1 

1.38571-2 

5.00631-3 

21 

3.73601-2 

2.8980140 

1.0033140 

8.65161-1 

1.52021-2 

5.45221-3 

12J-4 


K603-C* 


36130109  SPIMA/SMITS  PROFILE  TABULATION  5S  POINTS,  OELTA  AT  POINT  *) 


I 

T 

PT  2/P 

P/PO 

TO/TOO 

N/HD 

U/UD 

T/TQ 

R/9 D*U/UD 

1 

0.0000**00 

1.0000*«00 

1.00000 

i. 040)2 

0.00000 

0.00000 

2.77368 

0.09  00  0 

2 

8.8900--05 

2. 4603“*0  0 

1. ooooo 

1.03395 

0.42199 

0.61701 

2.13887 

0.29847 

3 

3.5360"-04 

2 . 9936*400 

1.00000 

1.04015 

0.47939 

0.67892 

2.00568 

0.338SC 

4 

6.1840“*04 

3.2460’*00 

1.09000 

1.03925 

0.59398 

0.70327 

1.94718 

0.34117 

5 

9.41S0--04 

3. *703*400 

1.00000 

1.03935 

0.52477 

0.72330 

1.89980 

0.38073 

6 

1.0080**03 

3. 5395**00 

1.00000 

1.03836 

0.53190 

0.72991 

1.88383 

0.38693 

1 

1.3260**03 

3.?*8S**00 

1.00000 

1.03330 

0.54936 

0.74554 

1.84176 

0.40480 

8 

1.5490**03 

3.8784-+O0 

1.  000  00 

1.03775 

0.56044 

0.75S36 

1.81653 

0.41592 

9 

1.7070**03 

3. 97  54*400 

1.90000 

1.03721 

0.560 44 

0.75516 

1.815S7 

0.41593 

10 

2. 03TQ"*Q3 

3. 9943 "*00 

1.00000 

1.03697 

0.57014 

0.75357 

1.7  9364 

0.42571 

11 

2.26?0"-C3 

4.2368*400 

1.00000 

1.03692 

0.58989 

0.73020 

1.74937 

0.44599 

12 

2.S250--03 

4.2195*00 

1.00000 

1.03657 

0.53850 

0.77910 

1.75265 

0.44453 

13 

2.975O“*03 

4 . 61 92"*  00 

1.00000 

1.03538 

0.61967 

0.80425 

1 • 684a  3 

0.47746 

14 

3.4210*-03 

4.6879*400 

l. ooooo 

1.03438 

0.62487 

0.80775 

1.67100 

0.43339 

15 

3.9770--03 

5.0164*^00 

1.00000 

1.03457 

0.64912 

0.82639 

1.62077 

0.50987 

16 

4.4080--03 

4.  94  97*400 

1.0  0030 

1  .03366 

0.64427 

0.82238 

1.62935 

0.50473 

17 

4.9410**03 

5.  01  64*4  00 

1.00000 

1.03257 

0.64912 

0.82559 

1.61763 

0.51037 

18 

S.3910--03 

5.32  92*400 

1.00000 

1.03136 

0.67129 

0.84151 

1.57148 

0.53549 

19 

5.8410--03 

5.  32 82  *♦  00 

1.00000 

1.03137 

0.67129 

0.84131 

1.57074 

0.53562 

20 

6.3750**03 

5.  5437«*0C 

1.00090 

1.030:8 

0.63618 

0.85133 

1.53930 

0.55306 

21 

6.7910--03 

5.7227*400 

1.00000 

1.029*1 

0.69930 

0.95955 

1.51513 

0.56731 

22 

7.3200*-03 

5.9417*400 

1.00000 

1.02914 

0.71235 

0.86896 

1.49595 

0.50478 

23 

8.2500"-03 

6.  24  64  *4  00 

1. ooooo 

1.02753 

0.73259 

0.88109 

1.44647 

0.60913 

24 

9.2260"-03 

6.  3603*400 

1.00000 

1.02602 

0.73937 

0.89499 

1.43077 

0.61854 

25 

1.0180**02 

4. 6771*9 80 

1.00000 

1.02443 

0.75961 

0.8)641 

1.39262 

0.64369 

26 

1.1120**02 

T. 0829*400 

1.090)0 

1.02231 

0.78421 

0.91014 

1.34696 

0.67570 

27 

1.2130**02 

7 • 2670*4  00 

1.00000 

1.02179 

0.79633 

0.91655 

1.32473 

0.69188 

29 

1 • 3110*-02 

T.*600**00 

1.00000 

1.01939 

0.80637 

0.92126 

1.30524 

0.70502 

29 

1.4040--02 

7. 7986**00 

1.00000 

1 . 0 1 8'6 

0. 3257’ 

0.93118 

1.27153 

0.73230 

30 

1.4980**02 

8. 1518*400 

1.00  000 

1.01723 

0 • 845  Si 

0.94069 

1.23731 

0.7S99T 

31 

1.5940**02 

8. 1957*400 

1.00000 

1.01566 

0.84794 

0.94119 

1.23205 

0.76392 

32 

1 .6940*- 02 

8. 7395"*00 

1.00000 

1.01412 

0. 87733 

0.95492 

1.13456 

0.80614 

33 

1.7910**02 

9.0615*400 

1.00090 

1.01275 

0.99435 

0.96223 

1.15755 

0.93126 

34 

1.8830**02 

9.2550*400 

1.00090 

1.01133 

0.90440 

0.96614 

1.14119 

0.94660 

35 

1 .9800**02 

9. 6828*400 

1.00090 

1.00979 

0.42622 

0.97505 

1.10923 

0.97983 

36 

2.0750**02 

9.7379-400 

1.00000 

1.00814 

0.92399 

0.97546 

1.10253 

0.88474 

37 

2. 1740**02 

9. 9308  *♦0  0 

1.00000 

1.00659 

0.94H2 

0.97986 

1.09404 

0.903)0 

38 

2.2740**02 

l.d326*«01 

1.00000 

1.00535 

0. 95909 

0.93627 

1.05971 

0.93071 

39 

2  .3680**02 

l. 0483-901 

1.00030 

1.00377 

0.96571 

0. 98858 

1.04793 

0.94  33  7 

40 

2.4 ' 20*-02 

1.0533*901 

1.00030 

1.00222 

0.96313 

0.98878 

1.04311 

0.94792 

41 

2.5560**02 

1.0839*901 

1.00090 

1.00112 

0.93511 

0.99499 

1.01997 

0.97542 

42 

2.6580**02 

1.1050*901 

1.000)0 

1.00028 

0.99273 

0.93739 

1.00943 

0.98808 

0  43 

2.8440**02 

1.1206*901 

1.00000 

1.00090 

1.00000 

1.00000 

1.0000c 

1.00000 

44 

3.0390**02 

1.1457*901 

1.00090 

1.00062 

1.01212 

1.00481 

0.99560 

1.01949 

45 

3 .2330**02 

1.1520*901 

1.00000 

1.00035 

1.01455 

1.00591 

0.93285 

1.02736 

46 

3.4340**02 

1.1520*901 

1.00090 

1.090 j5 

1.01455 

1.00581 

0 .9  92  35 

1.02336 

47 

3.6270*-02 

1.1625*901 

1.00030 

1.00133 

1.01940 

1.00781 

0.97740 

1.03111 

48 

3.8150**02 

1.1520*901 

1.00000 

1  .000  35 

1.01455 

1.00581 

0.98285 

1.02336 

4.9 

4.0090**02 

1.1414*901 

1.00000 

1.00041 

1.00970 

1.00381 

0.99836 

1.01562 

50 

4.2060**02 

1.1362-901 

1.00000 

1.00019 

1.00727 

1.00290 

0.99U5 

1.01176 

51 

4 .4  01 0**02 

1.1310*901 

i.00000 

0.99999 

1.00485 

1.00180 

0.99395 

1.037)1 

52 

4.5940**02 

1.1362*901 

l. ooooo 

1.O0C'* 

1.00727 

1.00230 

0.99115 

1.01176 

53 

4.7820--02 

1.1467*901 

1.09090 

l.OOOi.2 

1.01212 

1.00431 

0.93560 

1.01949 

54 

4 .9790**02 

1.1520*901 

1.  00  000 

1.0C09 5 

1.01455 

1.00531 

0.99235 

1.02336 

55 

5.1740--02 

1.1520*901 

1.00090 

1.00035 

1.01455 

1.00591 

0.932 *5 

1.02336 

86030109  Spina/Saits 


Turbulence  Data 


X  -  1. 51501+00  UTAO  -  2.1566E401  RHOV  *  2.99$1*-01  Uljff  -  5.6939*402  MUEV«  1.6919Z-05 


I 

7 

K 

0 

(RU)  ‘ 

R  U'2 

U’2 

1/1*7 

R0  l/T 

R0  0T2 

UT2 

1 

3.95901-3 

1.8720140 

8.24031-1 

5.3634140 

3.2319140 

1.8905140 

2 

5. 40901-3 

1.9380140 

8.39731-1 

S. 2693140 

2.7774140 

1.5729140 

3 

6.8360E-3 

2.0200140 

8.58521-1 

5.6846140 

2.8106140 

1.5331*40 

4 

8.25201-3 

2.1160140 

8.7921E-1 

6.3033*40 

2.9J26E40 

1.5292140 

5 

9.6900E-3 

2.1640140 

8.88611-1 

6.5000*40 

2.8661140 

1.4566140 

6 

2. 21 SOS-2 

2.26 50140 

9.08401-1 

6.8143*40 

2.6535140 

1.2879*40 

7 

1.26101-2 

2.3130140 

9.16901-1 

6.9445140 

2.5390140 

1.2037140 

8 

1.40S0E-2 

2.3840140 

9.29301-1 

7.4305*40 

2.5796*40 

1.1823140 

9 

1.54901*2 

2.4450140 

9.38991-1 

7.4575140 

2.3486140 

1.0454140 

10 

1.69701*2 

2.5340140 

9.53091-1 

7.5930*40 

2.0992140 

8.95341-1 

11 

1.041OE-2 

2.5980140 

9.62291-1 

7.6967*40 

1.9477140 

8.06841-1 

12 

1.98401-2 

2.6740140 

9.72981-1 

7.8333140 

1.7810*40 

7.11381-1 

13 

2. 1290E-2 

2.7010140 

9.75781-1 

7.6278*40 

1.6152140 

6.36101-1 

14 

2.2750E-2 

2.7660140 

9.84181-1 

7.1903*40 

1.2937*40 

4.94161-1 

16 

2.42001-2 

2.7920140 

9.86581-1 

6.5870140 

1.0407*40 

3.92161-1 

16 

2.5650E-2 

2.8460140 

9.92901-1 

6.1341*40 

0.28771-1 

3.04481-1 

17 

2.71001-2 

2.8720140 

9.95981-1 

5.4926*40 

6.36261-1 

2.31711-1 

0  18 

2.86301-2 

2.8890140 

9.98071-1 

4.5396140 

4.24641-1 

1.52971-1 

19 

2 .99101-2 

2.9150140 

1.0017140 

3.6517140 

2.64061-1 

9.40691-2 

20 

3 . 14701-2 

2.9260140 

1.0037140 

2.7574*40 

1.48311-1 

5.26641-2 

21 

1 . 29101-2 

2 . 9290140 

1.0037*40 

2.0986*40 

8.54271-2 

3.026 41-2 

22 

3.43601*2 

2.9290140 

1.0037140 

1.6473140 

5.26461-2 

1.86571-2 

23 

3.58301-2 

2.9400*40 

1.0057140 

1.2948140 

3.20241-2 

1.13081-2 

24 

3.72701-2 

2.9360140 

1.0047140 

1.1161*40 

2.39301-2 

8.45721-3 

25 

3.87401-2 

2 . 92501*0 

1.0027140 

9.12751-1 

1.88301-2 

6.67511-3 

26 

4.02201-2 

2,9150140 

1.0017140 

9.23061-1 

1.61811-2 

6.01901-3 

27 

4.16601-2 

2.9090*40 

1.0007*40 

1.1653140 

2.70901-2 

9.66731-3 

28 

4.J240S-2 

2.9040*40 

9.99671-1 

9.52191-1 

1.82351-2 

6.52021-3 

Blowdown  tunnel  with  symmetrical  contoured  nozzle.  Max.  running  time  "several 


minutes" ,  normally  60  seconds.  W  =  H  =  203  m.  L  up  to  2.7  m. 

PO:  0.69  m/m1.  TO:  266  K/  -  6*) .  Air.  Be/m  *  10~*:  63. 

SMITS  A.J. ,  MUCK  R.C.,  1987.  Experimental  study  of  three  shock  wave/  turbulent 
boundary  layer  interactions.  J.  Fluid.  Mech.  182.  291-314. 

And:  Muck  et  al.  (1983/1984),  Settles  et  al.  (1979),  Selig  et  al.  (1987);  K.C.  Muck 
and  A.J.  Saits,  data  tapes  and  private  coMUnications. 


1  The  mean  flow  for  these  tests  is  described  in  CAT7904T,  q.v..  This  entry  is  concerned 
only  with  the  turbulence  measurements  in  the  four  compress  ion-corner  flows.  The  8,  16, 
and  20  degree  cases  were  studied  by  Muck  et  al.  (1983/4),  to  which  has  been  added  recent 
data  for  the  24  degree  case  (Selig  et  al.  (1987). 

8  The  profiles  were  measured  along  a  line  12.7mm  off  the  centreline  so  as  not  to  disturb 
the  flow  at  adjacent  static  tappings.  The  positions  at  which  profiles  were  measured  are 
given  in  table  1,  together  with  their  relationship  to  the  mean  flow  data  of  CAT7904T.  For 
two  of  the  8*  profiles  neighbouring  profiles  have  been  used  where  no  exact  match  was 
available.  Near  the  comer  itself,  the  directions  of  the  profile  normals  do  not  match  for 
0106-0106,  0302-3,  0603-6  and  0603.  For  the  upstream  profiles  (X  =  -0.0508)  we  assume  one 
of  many  suitable  sets  of  mean  data  has  been  used. 

Turbulence  measurements  were  made  with  both  normal  and  inclined  hot-wire  probes  supported 
from  the  tunnel  roof  opposite  the  test  surface.  The  copper  plated,  soft  soldered,  sensor 
wires  (d  =  6  pm,  active  length  about  0.8  m)  were  slightly  slackened  to  avoid  strain- 
gauging.  The  inclined  wires  were  set  at  about  60°  to  the  mean-flow  direction.  The  support 
prongs  were  about  2-3  am  long  and  mounted  in  a  cylindrical  holder  (d  =  2.5-4  wm)  the 
front  of  which  formed  a  wedge  with  30*  included  angle.  The  wires  were  operated  in  the 
constant-temperature  mode,  using  a  DISA  55M10  anemometer.  The  system  frequency  response 
was  typically  10  to  120  kHz.  The  techniques  are  described  in  Saits  et  al.  (1983)  and 
Saits  fc  Muck  (1984).  The  authors  warn  that  HWP  data  (inclined  wires  only,  Smita  PC)  for 
mean  flow  Mach  numbers  below  1.2  (resolved  normal  to  the  wire)  may  be  of  dubious  quality 
as  a  result  of  calibration  difficulties  in  the  transonic  regime. 

9  The  authors  have  interpolated  the  original  mean  flow  data  to  the  measuring  positions  of 
the  hot-wire  probes,  and  incorporated  no  profile  corrections,  though  it  ia  not  certain 
whether  the  original  Pitot  profiles  were  corrected  for  shear.  The  mean-flow  data  are 
therefore,  in  essence,  the  same  for  the  two  seta  of  profiles  for  each  turning  angle.  The 

13  profiles  are  presented  incorporating  the  assumptions  and  reduction  procedures  of  the 
authors.  The  wall  data  are  also  those  presented  with  the  profiles  in  their  interpolated 
form,  which  describe  a  boundary  layer  subjected  to  the  shock-wave  structure  resulting 
from  compression  corners  turning  the  flow  8,  16,  20  and  24  degrees. 

8  DATA:  87010101-0703.  Mean  flow  data  from  CAT7904T.  Normal  and  inclined  wire  turbulence 
profiles,  distribution  given  in  table  1. 

15  Editors*  comen t a: 

The  measurements  described  here,  with  the  associated  mean  flow  data  of  CAT7904T,  form  part 
of  a  continuing  study  of  the  effect  of  "extra  strain  rates"  on  turbulent  boundary  layers. 
Other  experiments  in  which  the  same  disturbance,  i.e.  pressure  change,  is  applied  to  the 
same  incoming  boundary  layer,  but  at  different  rates  and  in  different  ways,  are  described 
in  CAT8401T/8702T  and  CAT8601T.  Thus  the  "8*  change"  is  accomplished  here  by  a  corner  with 
zero  radius  of  curvature,  while  in  CAT8401/8702  it  is  caused  by  curved  ramps  with  radius 
264  and  1270  sm  and  in  CAT8601  by  a  reflected  wave  structure  matching  the  pressure  gradient 
of  CAT840102.  The  "16*  change"  ia  caused  by  corners  with  zero  radius  here,  and  radii  of 
1270  and  350  m*  in  CAT8401/8702.  Directly  comparable  compression  corner  flows  were  studied 
by  Debieve  (CAT8301T)  and  Ardonceau  (CAT8402T),  the  latter  using  a  LDV  to  give  turbulence 
data  which  may  be  compared  with  this  entry  (Fig.  11.2.19).  Fluctuation  data  are  also  reported 
by  Kuntz  et  al.  (1987)  and,  uaing  an  axisynmetric  configuration.  Brown  et  al.  (1987). 
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The  akin-  friction  velocities  used  here  for  scaling  are  those  derived  fro*  Preston- tube 
readings,  using  the  Hopkins  &  Keener  1966  calibration  with  Settles*  fictitious  edge  state. 
The  value  of  these  is  discussed  in  connection  with  the  sean-flow  data.  Bdge  states  as 
reported  in  this  entry  do  not  affect  the  data  in  any  way,  and  the  editors  have  often,  for 
convenience,  taken  the  last  point,  or  our  estimate  of  the  shock  position.  This  last  often 
shorn  up  quite  clearly  in  the  hot-wire  data,  but  with  a  systematic  error  when  cohered  to 
static  pressure  data.  We  are  not  in  a  position  to  suggest  which  sight  be  the  more  reliable. 

The  aeon-flow  data  are  shown  in  figures  10.3.8-12,  and  the  turbulence  data  in  11.2.19, 
23-25  fc  11.3.7-9.  Results  fro*  the  noraal  wire  studies  should  be  little  if  at  all  affected 
by  the  problea  of  probe  orientation,  but  data  fro*  the  oblique  wire  can  not  be  relied  on 
when  the  probe  is  not  closely  aligned  with  the  local  flow.  The  *e an- flow  data  are  also 
susceptible  to  alignment  errors,  mainly  through  the  effect  on  the  static  probe.  (Taylor, 
1984,  reports  an  error  of  30%  at  10*  incidence.)  This  is  discussed  in  connection  with 
CAT7904T  above.  Any  mean  flow  or  oblique  wire  data  taken  at  X  >  0  and  for  Y-values 
outside  the  shock  is  likely  to  be  seriously  in  error.  For  the  16*  and  24°  cases  it  seems 
that  Settles  took  measures  to  deal  with  this,  aasuning  free-strea*  static  pressure  in  the 
outer  part  of  the  layer.  For  the  other  cases  the  data  are  as  received  fro*  the  authors 
and  will  require  careful  assessment  before  use,  as  no  attempt  has  been  made  to  correct 
the  data. 

In  the  separated  flow  cases  there  are  substantial  fluctuations  in  the  shock  position  (see 
Ch.  8  and  9.3.1  above)  and  these  *ay  contribute  a  "non- turbulent”  proportion  to  the 
fluctuation  signals.  The  turbulence  profiles  do  not  go  very  close  to  the  wall,  so  that 
the  mean  flow  data  given  with  them  should  not  be  used  to  determine  integral  values,  which 
would  be  seriously  in  error.  The  integral  quantities  etc.,  where  appropiate,  should  be 
taken  from  the  mean-flow  tables  of  CAT7904. 

The  Muck  et  al.  (1983/4)  papers  contain  a  full  assessment  of  the  experimental  errors. 

The  possible  error  in  (p  u' is  stated  (Suits  et  al.,  1983;  Smits  &  Muck,  1984)  as  -10% 
to  +19%,  and  in  (p  u'v’/p*  uT)  as  -32%  to  +12%.  These  estimates  are  for  the  upstream 
profiles  and  have  been  reassessed  recently  by  Saits  &  Dussauge  in  chapter  5.  These  may 
seem  to  indicate  large  errors,  but  should  rather  be  considered  a  sign  of  honesty  in 
assessing  measurements  of  this  inherent  difficulty. 


Table 

1 

:  Relationship  of  hot- 

wire  profiles  to 

mean  flow 

data. 

X-value 

Normal 

Traverse  Mean 

Traverse 

Inclined 

Traverse 

Wire 

inclination  Flow 

inclination 

Wire 

inclination 

Profile 

8701 

degrees  Profile  degrees 

7904 

Turning  angle  8  degrees 

Profile 

8701 

degrees 

-0.0508 

0101 

0 

- 

- 

0201 

0 

-0.0254 

0102 

0 

0101 

0 

- 

- 

-0.0152 

0103 

0 

0102 

0 

- 

_ 

-0.0051 

0104 

8 

0103 

0 

- 

- 

-0.0026 

0106 

8 

0104 

0 

- 

- 

0.0 

0106 

8 

0201 

8 

- 

- 

0.0051 

0107 

8 

0202 

8 

- 

- 

0.0102 

0108 

8 

0203 

8 

- 

0.0152 

0109 

8 

0204 

8 

- 

- 

0.0203 

0110 

8 

0205 

8 

0202 

8 

0.0254 

0111 

8 

0206 

8 

- 

- 

0.0306 

0112 

0 

0207 

8 

0203 

8 

0.0356 

0113 

8 

0208 

8 

- 

- 

0.0457 

0114 

8 

0209 

8 

- 

- 

0.0559 

0115 

8 

0210 

8 

- 

- 

0.0660 

0116 

8 

0211 

8 

0204 

8 

0.0762 

0117 

8 

0212 

8 

- 

- 

0.0864 

0118 

8 

0213 

8 

- 

- 

0.0965 

0119 

8 

0214 

8 

- 

- 

0.1016 

- 

- 

(Authors  used  0215) 

0205 

8 

0.1067 

0120 

8 

0215 

8 

- 

- 

0.1168 

0121 

8 

0216 

8 

- 

- 

0. 1270 

0122 

8 

0217 

8 

- 

- 

0. 1524 

0123 

8 

(Authors  used  X 

=  0.1372) 

0206 

8 

(Hot  in  CAT7904) 


8701-A-3/C-1 


12K-3 


8701 

7904 

8701 

Turning  angle  16  degrees 

-0.0508 

0301 

0 

- 

_ 

0401 

0 

-0.508 

- 

- 

- 

- 

0402 

0 

-0.0127 

0302 

16 

0302 

0 

- 

- 

-0.0063 

0303 

16 

0303 

0 

- 

- 

0.0 

0304 

16 

0305 

16 

- 

- 

0.0063 

0305 

16 

0307 

16 

- 

- 

0.0127 

0306 

16 

0309 

16 

0403 

16 

0.0191 

0307 

16 

0310 

16 

- 

- 

0.0254 

0308 

16 

0311 

16 

0404 

16 

0.0381 

0309 

16 

0312 

16 

- 

- 

0.0508 

0310 

16 

0313 

16 

0405 

16 

0.0762 

0311 

16 

0314 

16 

0406 

16 

0.1016 

0312 

16 

0315 

16 

0407 

16 

0.1397 

0313 

16 

0317 

16 

0408 

16 

Turning  angle  20  degrees 

-0.0508 

0501 

0 

_ 

0601 

0 

-0.0508 

0502 

0 

- 

0602 

0 

-0.0063 

0503 

20 

0405 

6.5 

- 

- 

0.0 

0504 

20 

0406 

5.5 

- 

- 

0.0039 

0505 

20 

0407 

5.5 

- 

- 

0.0127 

0506 

20 

0408 

5.5 

0603 

20 

0.0254 

0507 

20 

0411 

20 

0604 

20 

0.0414 

0508 

20 

0412 

20 

0605 

20 

0.0571 

0509 

20 

0413 

20 

0606 

20 

0.0762 

0510 

20 

0414 

20 

0607 

20 

0.0952 

0511 

20 

0415 

20 

0608 

20 

0.1143 

- 

- 

0416 

20 

0609 

20 

Turning  angle  24  degrees 

0.0305 

070] 

24 

0506 

24 

_ 

_ 

0.0610 

0702 

24 

0507 

24 

- 

- 

0.1016 

0703 

24 

0508 

24 

87010204 

Muck/Spifia/S.its 

Turbulence  Data 

X  *  6.6000E-02  UTAU  =  1.952324-01  RHOV  =  4.7466E-01  UIHF  =  5.8456E+02  HUEH=  1.7889E-05 


I 

Y 

H 

U 

(RU) ’V' 

-R  U’V' 

U'V 

UIHF 

RV  UT2 

RW  UT2 

UT2 

1 

1.9800E-3 

1.4200E+0 

6.9351E-1  -2.2832E+0 

1.2643E+0  -9.2792E-1 

2 

3.2100E-3 

1.4910E+0 

7.1524E-1  -2.9822E+0 

1.5784E+0  -1.1149E+0 

3 

4.6590E-3 

1.6120E+0 

7.5090E-1  -3.6045E+0 

1.7677E+0  -1.1758E+0 

4 

6.0900E-3 

1.6880E+0 

7.7584K-1  -4.8656E+0 

2.2744E+0  -1.4758E+0 

5 

7.5490E-3 

1 . 7750E+0 

7. 9968K-1  -5.3629E+0 

2.3734E+0  -1.4813S+0 

6 

8.9750E-3 

1.87701+0 

8.2612E-1  -6.3456E+0 

2.6341E+0  -1.5669E+0 

7 

1.0410E-2 

1.9700S+0 

8.4906E-1  -6.4720E+0 

2.5351E+0  -1.4438E+0 

8 

1.1860E-2 

2.05801+0 

8.6949E-1  -5.9096E+0 

2.1929E+0  -1.19911+0 

9 

1.33001-2 

2.1320S+0 

8.8572E-1  -4.9330E+0 

1.7502E+0  -9.2585E-1 

10 

1.4760E-2 

2.2290E+0 

9.0485E-1  -3.8450E+0 

1.2873E+0  -6.50711-1 

11 

1.6200E-2 

2.2960E+0 

9.1767E-1  -4.0422E+0 

1.3001E+0  -6.3691E-1 

12 

1 . 7620E-2 

2.3760E+0 

9.J319E-1  -3.0506E+0 

9.3627E-1  -4.4380E-1 

13 

1.9030E-2 

2.4390E+0 

9.4351E-1  -2.1216E+0 

6. 2801E-1  -2.8974E-1 

14 

2.0490E-2 

2.4830E+0 

9.4872E-1  -1.71581+0 

4.9507E-1  -2.2326E-1 

15 

2.1930E-2 

2 . 5000E+0 

9.5052E-1  -1.1268E+0 

3.2209E-1  -1.44.UI-1 

16 

2.3390E-2 

2.5210E+0 

9.5413E-1  -2.2403E-1 

6. 3223E-2  -2.8087E-2 

D  17 

2.4830E-2 

2.5390E+0 

9.5593E-1  -7.5205E-2 

2. 1011E-2  -9.3024E-3 

18 

2.6290E-2 

2.6110E+0 

9.6595E-1 

1.6966E-1 

-4.5532E-2 

2.1070E-2 

19 

2.7750E-2 

2.6890E+0 

9.7656E-1 

6. 3595E+0 

-1.63371+0 

9.3921E-1 

12K-4 


8701 -C- 


87010306  Huck/Spina/Sait*  Turbulence  Date 

X  -  1.2700E-02  UTAU  -  1.2303E+01  RHOW  -  7.0624E-01  UIMf  -  5.6388E+02  MUEV*  1.6323E-05 


I 

Y 

M 

U 

(RU)  * 

R  U  *  2 

U’2 

UINF 

RW  UT 

RW  UT2 

UT2 

1 

1.5000E-3 

9.7070E-1 

5.0736E-1 

8.2030E+0 

3.2405E+1 

2. 7236E+1 

2 

2.5800E-3 

1.1320E+0 

5.7375E-1 

1.0245E+1 

4.0299E+1 

3. 2230E+1 

3 

3.9800E-3 

1 « 3040E+0 

6.3819E-1 

1 . 1495E+1 

3 . 9046E+1 

2 . 9439E+1 

4 

5.3800K-3 

1.4500E+0 

6.8881E-1 

1.1830E+1 

3 . 2906E+1 

2. 3630E+1 

5 

6.7800E-3 

1.5740E+0 

7.2852E-1 

1.1102E+1 

2 . 3836E+1 

1.6445E+1 

6 

8. 2000E-3 

1.7800E+0 

7.8703E-1 

I.0389E+1 

1.6072E+1 

1 . 1088E+1 

7 

9.3400E-3 

2 .0040E+0 

8.4359E-1 

9. 7688E+0 

1 . 1814E+1 

8 . 9916E+0 

8 

1.0760E-2 

2. 2450E+0 

8.9401E-1 

9.1293E+0 

8.9971E+0 

8. 0520E+0 

9 

1.2160E-2 

2 . 3880E+0 

9 . 2029E-1 

6.7802E+0 

4 . 5462E+0 

4.4317E+0 

10 

1.3540E-2 

2. 4790E+0 

9. 3470E-1 

5. 9831E+0 

3 . 1628E+0 

3 . 0685E+0 

11 

1.4960E-2 

2 . 5480E+0 

9.4482E-1 

5 . 9616E+0 

2. 8470E+0 

2.7153E+0 

12 

1 . 6390E-2 

2 . 6050E+0 

9.5212E-1 

5.8745E+0 

2 . 5287E+0 

2 . 3537E+0 

13 

1.7820E-2 

2.6700E+0 

9.6244E-1 

5 . 6451E+0 

2 . 1054E+0 

1 . 9051E+0 

14 

1.9170E-2 

2.6950E+0 

9 . 6449E-1 

4.9243E+0 

1.5340E+0 

1 . 3678E+0 

15 

2.0520E-2 

2.7290E+0 

9 . 6760E-1 

4.4507E+0 

1 . 1859E+0 

1 . 0388E+0 

16 

2 . 1470E-2 

2.7630E+0 

9.7188E-1 

4. 2528E+0 

1 .0248E+-0 

8.8314E-1 

17 

2.2830E-2 

2.7920E+0 

9 . 7539E-1 

3 . 44S4E+0 

6.4233E-1 

5.4598E-1 

18 

2.3330E-2 

2 . 8000E+0 

9.7636E-1 

3.4994E+0 

6.5461E-1 

5 . 5448E-1 

19 

2.3900E-2 

2 . 8090E+0 

9. 7734E-1 

3.0130E+0 

4.7843E-1 

4 . 0350E-1 

20 

2.4300E-2 

2 . 8090E+0 

9.7734E-1 

2.6806E+0 

3 . 7843E-1 

3.1903E-1 

21 

2.5690E-2 

2.8100E+0 

9.7636E-1 

2. 0135E+D 

2. 1260E-1 

1.7874E-1 

D  22 

2.7130E-2 

2 . 8200E+0 

9.7636E-1 

1.4718E+0 

1.1160E-1 

9.3175E-2 

23 

2. 8550X-2 

2. 8260E+0 

9.7636E-1 

1.1670E+0 

6.9395E-2 

5.7691E-2 

24 

2.9990E-2 

2.8300E+0 

9 . 7734E-1 

8.9039E-1 

4.0174E-2 

3 . 3367E-2 

25 

3.1430E-2 

2.8340E+0 

9.7831E-1 

7.8953E-1 

3 . 1427E-2 

2.6076E-2 

26 

3.2860E-2 

2.8370E+0 

9.7928E-1 

7.5620E-1 

2 . 8721E-2 

2.3831E-2 

87010403  Muck/Spina/Saits  Turbulence  Data 

X  «  1 . 2700E-02  UTAU  =  1.2778E+01  RHOW  -  6.5472E-01  UIHF  =  5.7389E+02  HUEW=  1.7333E-05 


I  Y  M  U  (RU) 'V*  -R  U'V'  U*V 

UINF  RW  UT2  RW  UT2  UT2 


1 

2.0000E-3 

1. 0450E+0 

5.4974E-1  -4.7087E+0 

3 . 2775E+0  -27042E+0 

2 

J.3210E-3 

1 . 2330E+0 

6.2567E-1  -6 . 2940E+0 

3 . 9140E+-0  -3.0362E+0 

3 

4.7580E-3 

1.3930E+0 

6 . 8382E-1  -6.1739E+0 

3 . 4755E+0  -2.5354E+0 

4 

6. 2110E-3 

1 . 5210E+0 

7.2705E-1  -7.4456E+0 

3 . 8664E+0  -2.7137E+0 

5 

7.6530E-3 

1.6780E+0 

7.7466E-1  -1.0525E+1 

4.9514E+0  -3 . 4124E+0 

6 

9 . 1Q20E-3 

1.9520E+0 

8.4861E-1  -5.9654E+0 

2.3629E+0  -1.7446E+0 

7 

1.0560E-2 

2.2200E+0 

9.0795E-1  8.3604E+0 

-2. 8140E+0  2.4693E+0 

8 

1.1990E-2 

2. 3740E+0 

9. 3727E-1  -1.9137E+0 

5.8810E-1  -5.7288E-1 

9 

1.3420E-2 

2.4730E+0 

9.5327E-1  -5 . 3024E+0 

1. 5385E+0  -1.4967E+0 

10 

1.4860E-2 

2.5400E+0 

9.6341E-1  -4.8042E+0 

1.3413E+0  -1.2843E+0 

11 

1 . 6330E-2 

2.6010E+0 

9.7176E-1  -4.4165E+0 

1. 1915E+0  -1 . 1120E+0 

12 

1.7790E-2 

2 . 6690E+0 

9.8259E-1  -3.8532E+0 

1.0008E+0  -9.0695E-1 

13 

1 . 9250E-2 

2.6980E+0 

9.8507E-1  -2. 9618E+0 

7.5724E-1  -6.7510E-1 

14 

2.0700E-2 

2.7330E+0 

9.8855E-1  -2. 2965E-M3 

5.7582E-1  -5.0365E-1 

15 

2. 21 90S -*2 

2. 7800E+0 

9.9491E-1  “1.8782E+0 

4.5906E-1  -3.9334E-1 

16 

2.3640E-2 

2. 8050E+0 

9.9790E-1  -1.1719E+0 

2.8265E-1  -2.3943B-1 

17 

2. 5100E-2 

2 . 8090E+0 

9.9690E-1  -7.3683E-1 

1.7728E-1  -1.4933E-1 

18 

2.6420E-2 

2.8150E+0 

9.9690E-1  -3.7002E-1 

8.8729E-2  -7.4413E-2 

D  19 

2.7820E-2 

2.8240E+0 

9.9690E-1  -1.7347E-1 

4 . 1420E-2  -3.4540E-2 

20 

2 . 9210E-2 

2.8280E+0 

9.9790E-1  -1.5392E-1 

3.6659E-2  -3.0532E-2 

21 

3.0540E-2 

2 . 8310E+0 

9.9790E-1  -9.0978E-2 

2.1625E-2  -1.7961E-2 

22 

3.1860E-2 

2 . 8350E+0 

9.9889E-1  -7.6709E-2 

1.8202E-2  -1.5115E-2 

23 

3.31201-2 

2 . 8370E+0 

9.9988E-1  -6.8653E-2 

1.6270E-2  -1.3516E-2 

24 

3.4360E-2 

2.8370E+0 

9. 9988E-1  -7.0254E-2 

1.6651E-2  -1.3832E-2 

25 

3.5710E-2 

2 . 83  70E+0 

9.9988E-1  -7.0569B-2 

1.6726E-2  -1.3895E-2 

26 

3.7050S-2 

2.8360X^-0 

9.9988E-1  -6.3313E-2 

1.5017E-2  -1.2489E-2 

27 

3.8310E-2 

2 . 8340E+0 

9.9889E-1  -5.5196E-2 

1. 3105E-2  -1.0890E-2 

8701-C-3 


I2K-5 


87010308  Muck /Spina/ Saits 


Turbulence  Data 


X  -  2.5400E-02  UTAU  -  1.43438+01  RHOY  -  7.1602E-01  UIMT  *  5.6388E+02  MUEY*  1.71048-05 


I 

Y 

K 

U 

(RU)’ 

R  U‘2 

U’  2 

UIMT 

RY  UT 

RY  UT2 

UT2 

1 

1. 3000E-3 

9.8980E-1 

5.3136E-1 

6.1589E+0 

1.7000B+1 

1.3567E+1 

2 

1.8100E-3 

1.0490E+0 

5.56718-1 

6.7745E+0 

1.9062E+1 

1 . 5027E+1 

3 

3.2000E-3 

1.1680E+0 

6.0520E-1 

9 . 2646E+0 

3 . 0085E+1 

2 . 2893E+1 

4 

4. 6200E-3 

1.29608+0 

6.5339E-1 

1.0996E+1 

3.4778E+1 

2.5258E+1 

5 

6.0400E-3 

1 . 4330E+0 

7.0308E-1 

1.2102E+1 

3 . 3850E+1 

2 . 3386E+1 

6 

7.44008-3 

1.5390E+0 

7 . 3844E-1 

1 . 0831E+1 

2.2718E+1 

1 . 5010E+1 

7 

8.8400E-3 

1.6390E+0 

7.6990E-1 

1.0472E+1 

1.7918E+1 

1.1342E+1 

8 

1.0220E-2 

1.7550E+0 

8.0346E-1 

9.6152E+0 

1.2423E+1 

7.4930E+0 

9 

1.1650E-2 

1 . 8630E+0 

8.3271E-1 

9.9256E+0 

1.1003E+1 

6- 3253E+0 

10 

1.3080E-2 

1.929QE+0 

8 . 4884E-1 

9.7625E+0 

9.5675E+0 

5.3766E+0 

11 

1.4520E-2 

1 . 8990E+0 

8. 3922E-1 

1.0672E+1 

1 . 2825E+1 

7.7874E+0 

12 

1.5940E-2 

2 .05408+0 

8.7429E-1 

6 . 08978+0 

4.2053E+0 

3.12368+0 

13 

1.7370E-2 

2.4530E+0 

9.5173E-1 

4.1853E+0 

1.4137E+0 

1 . 2150E+0 

14 

1.8810E-2 

2 .6690E+0 

9 . 8919E-1 

3 . 3944E+0 

7.4321E-1 

6.7088E-1 

15 

2.0240E-2 

2. 7700E+0 

9.9991E-1 

2.6703E+0 

4 . 2344E-1 

3.8525E-1 

16 

2.1650K-2 

2 . 7900E+0 

1 . 0028E+0 

2.U33E+0 

2.5847E-1 

2. 3439E-1 

17 

2. 2940E-2 

2.8070E+0 

1.0048E+0 

1.6417E+0 

1.5217E-1 

1.3731E-1 

D  18 

2.4160K-2 

2. 8150E+0 

1.0048B+0 

1 . 2454E+Q 

8.6599E-2 

7.7901E-2 

19 

2.55208-2 

2.8160E+0 

1 . 0048E+0 

8.0453E-1 

3.6069E-2 

3.2428E-2 

20 

2. 6890E-2 

2. 8160E+0 

1.0038E+0 

7.3986E-1 

3.0430E-2 

2.7301E-2 

21 

2 . 8260E-2 

2.8160E+0 

1.0028E+0 

6.7812E-1 

2.5S38E-2 

2.2879E-2 

22 

2.9250E-2 

2.8160E+0 

1 . 0028E+0 

6.2667E-1 

2.1809E-2 

1.9538E-2 

23 

3.0630E-2 

2. 8160E+0 

1 .0028E+0 

5.9231E-1 

1.9462E-2 

1.7424E-2 

24 

3.2000E-2 

2. 8180E+0 

1.0038E+0 

5.6099E-1 

1.7447E-2 

1.5636E-2 

87010404  Muck/Spina/Saits  Turbulence  Data 

X  -  2.54008*02  UTAU  =  1.4776E+01  RHOV  =  6.7470E-01  UINE  =  5.7389E+02  HUEV«  1.7919E-05 


I 

Y 

n 

V 

(RU)  'V 

-R  U’V 

U'V 

UIMT 

RY  UT2 

RY  UT2 

UT2 

1 

2.0000E-3 

1 .0690E+0 

5.7178E-1  -3.0638E+0 

2.1027E+0  -1.64978+0 

2 

3.37708-3 

1 . 1830E+0 

6.1810B-1  -4.0905E+0 

2.62298+0  -1.9838E+0 

3 

4.8280E-3 

1.326084-0 

6.7273E-1  -5.2799E+0 

3 .09948+0  -2.22448+0 

4 

6.2710K-3 

1.45908+0 

7.20178-1  -6.9080E+0 

3.7324E+0  -2.5491E+0 

5 

7.7170E-3 

1.55708+0 

7.53018-1  -7. 6966E+0 

3.90708+0  -2.56118+0 

6 

9. 1680E-3 

1.66308+0 

7.86168-1  -8.64158+0 

4.10358+0  -2.57058+0 

7 

1.0610E-2 

1.77408+0 

8.18298-1  -1.00918+1 

4.46728+0  -2.6688E+0 

8 

1.20708-2 

1.86708+0 

8.43738-1  -8.78778+0 

3,67068+0  -2.10928+0 

9 

1 . 3540E-2 

1.92308+0 

8.56918-1 

9.77338+0 

-3 , 9434E+0 

2.22998+0 

10 

1 . 4970E-2 

1.90908+0 

8.51238-1 

1.2545E+1 

-5.10578+0 

3.29028+0 

11 

1 .6390E-2 

2.19508+0 

9.14288-1  -1.8631E+0 

6.36448-1  -5.0226E-1 

12 

1.78401-2 

2.53808+0 

9.76828-1  -1.93238+0 

5.4022E-1  -4.72868-1 

13 

1.9330E-2 

2.73608+0 

1.00758+0  -1.40068+0 

3 , 5069E-1  -3.1853E-1 

14 

2.0800E-2 

2.77708+0 

1.01248+0  -7.45988-1 

1.82628-1  -1.6575E-1 

15 

2.2260E-2 

2.80208+0 

1.01678+0  -4.65948-1 

1,12528-1  -1.01478-1 

D  16 

2.3720E-2 

2.81208+0 

1.0167E+0  -2.81498-1 

6.76098-2  -6.08578-2 

17 

2.5210E-2 

2.81608+0 

1.01678+0  -1.83098-1 

4. 3890E-2  -3.94338-2 

18 

2.6680E-2 

2.81608+0 

1.01678+0  -9.97548-2 

2.39198-2  -2.14868-2 

19 

2.8120E-2 

2.81608+0 

1.01468+0  -5.21628-2 

1.25038-2  -1.11868-2 

20 

2.96001-2 

2.81608+0 

1.01468+0  -4.58448-2 

1.09888-2  -9.83068-3 

21 

3.1080K-2 

2.81608+0 

1.01468+0  -3.02368-2 

7.24848-3  -6.48548-3 

22 

3.25601-2 

2.81908+0 

1.01568+0  -4.17548-2 

9.99138-3  -8.93688-3 

23 

3.4040E-2 

2.8220840 

1.01678+0  -2.74358-2 

6.55538-3  -5.86438-3 

8701 -C-4 


87010310  Muck/Spina/Saits  Turbulence  Data 

X  -  5.08008-02  UTAU  =  1.55538+01  RHOW  =  8.1568E-01  UINF  =  5.63888+02  MUEW=  1.67948-05 


I 

Y 

M 

U 

(RU)  ' 

R  U’2 

U’2 

UINF 

RW  UT 

RW  UT2 

UT2 

1 

1.6500E-3 

1.13808+0 

5. 8575E-1 

6.00288+0 

1. 3662E+1 

1.0860E+1 

2 

2.77008-3 

1 . 2090E+0 

6 . 1496E-1 

7.4925E+0 

1.9379E+1 

1 .5241E+1 

3 

4.1900E-3 

1.30508+0 

6.4961E-1 

8.8549E+0 

2. 3317E+1 

1.7706E+1 

4 

5.6160E-3 

1.4030E+0 

6.8427E-1 

9.6847E+0 

2.3765E+1 

1.7350E+1 

5 

7.0500E-3 

1.50508+0 

7.18138-1 

1.14138+1 

2.79898+1 

1.96668+1 

6 

8.470QK-3 

1.6390E+0 

7 . 6001E-1 

1. 1754E+1 

2. 3657E+1 

1.56948+1 

7 

9.8890E-3 

1.75708+0 

7.93288-1 

1 . 1653E+1 

1. 9039E+1 

1.20118+1 

8 

1 . 1340E-2 

1.8840E+0 

8 . 1962E-1 

1.0670E+1 

1.3512E+1 

8. 1619E+0 

9 

1.2780E-2 

1.94808+0 

8.43288-1 

9.6663E+0 

9.4287E+0 

5. 4515E+0 

10 

1.4180E-2 

2.0290E+0 

8.6189E-1 

8 . 2977E+0 

6.0214E+0 

3 . 3425E+0 

11 

1.5630E-2 

2.0980E+0 

8.76158-1 

6. 9131E+0 

3. 7169E+0 

2.0000E+0 

12 

1.7060E-2 

2.1510K+0 

8.8437E-1 

4 . 9940E+0 

1.7627E+0 

9.2044E-1 

13 

1.85008-2 

2.17508+0 

8.88438-1 

3.35838+0 

7.7108E-1 

4. 0122E-1 

14 

1.99308-2 

2.2340E+0 

8.9922E-1 

2. 1884E+0 

3.0718E-1 

1 . 6114E-1 

15 

2. 1370E-2 

2.40408+0 

9.31308-1 

5. 45928+0 

1.81028+0 

1 . 1044E+0 

16 

2.2780E-2 

2.4900E+0 

9 . 4566E-1 

6.6317E+0 

3. 3502E+0 

2.J389E+0 

17 

2.4240E-2 

2.70308+0 

9.77748-1 

6.66628-1 

3.00268-2 

2.8852E-2 

18 

2.5690E-2 

2.79608+0 

9.9110E-1 

4 . 8031E-1 

1.4354E-2 

1.4100E-2 

D  19 

2.7130E-2 

2 . 8210E+0 

9.9407E-1 

4.9140E-1 

1.4748E-2 

1.46138-2 

87010405  Kuck/Spina/Saits  Turbulence  Data 

X  *  5.0800E-02  UTAU  *  1.6026E+01  RHOW  =  7.6818E-01  UINF  =  5.7389E+02  MUEW*  1.7606E-05 


I 

Y 

M 

U 

(RU)  *v 

-R  u*r 

U 1 V  ’ 

UINF 

RW  UT2 

RW  UT2 

UT2 

1 

2.0000E-3 

1 . 1510E+0 

5.9988E-1  -1.7874E+0 

1.16808+0  -9 . 3120E-1 

2 

3.27408-3 

1.24108+0 

6. 3407E-1  -2. 3969E+0 

1.4830E+0  -1 . 1487E+0 

3 

4.72008-3 

1.3390E+0 

6.7058E-1  -3 . 5178E+0 

2.0479E+0  -1.5361E+0 

4 

6.14608-3 

1. 4240E+0 

6.9996E-1  -4 . 9852E+0 

2.7527E+0  -1.9979E+0 

5 

7.58708-3 

1.55708+0 

7.4418E-1  -6.2287E+0 

3 . 1629E+0  -2 . 1766E+0 

6 

9.02508-3 

1.69008+0 

7 . 8419E-1  -7.9179E+0 

3.6966E+0  -2 . 3996E+0 

7 

1.04708-2 

1.78708+0 

8.1207E-1  -8 . 7609E+0 

3.8487E+0  -2.3991E+0 

8 

1.19408-2 

1 . 90708+0 

8.4396E-1  -1.0020E+1 

4.0823E+0  -2.4094E+0 

9 

1.3380E-2 

1.98008+0 

8.6181E-1  -8.9501E+0 

3 . 4861E+0  -1.9858E+0 

10 

1.48108-2 

2.06308+0 

8.8026E-1  -6.31978+0 

2. 3385E+0  -1.2788E+0 

11 

1.6230B-2 

2.11308+0 

8.8969E-1  -3.91968+0 

1.4069E+0  -7.5162E-1 

12 

1 . 7700E-2 

2.16608+0 

8.9791E-1  -2.36648+0 

8. 2256E-1  -4.2730E-1 

13 

1.9160E-2 

2.18808+0 

9.02638-1  -7.16658-1 

2.4580E-1  -1.2861E-1 

14 

2.0630E-2 

2.31208+0 

9.2619E-1 

7.24398+0 

-2.3073E+0 

1.27718+0 

15 

2.2070E-2 

2.50308+0 

9.60198-1 

1.45728+1 

-4.1556E+0 

3.00058+0 

16 

2.34908-2 

2.57508+0 

9. 7092E-1 

1.35428-1 

-3.7088E-2 

3.4330E-2 

17 

2.4890E-2 

2.76808+0 

9.99708-1  -4.0736E-2 

1.0022E-2  -9.7743E-3 

D  18 

2.62908-2 

2.80908+0 

1.00488+0  -4.70508-2 

1.13218-2  -1.11778-2 

8701-C-5 


I2K-7 


87010313  Muck /Spina /Saits 


Turbulence  Data 


X  -  1.3970E-01  UTAU  =  1.9258E+01  RHOV  =  7.6175E-01  UINf  =  5.6388E+02  MUEV*  1.7020E-05 


I 

Y 

H 

U 

(RU)‘ 

R  U'2 

U’2 

UINF 

RV  UT 

RV  UT2 

UT2 

1 

1.3000E-3 

1 . 3410E+0 

6.6439E-1 

1.0112E+0 

2 . 6218E-1 

1.7946E-1 

2 

1 .530QE-3 

1. 3580E+0 

6.7059E-1 

3.0127E+0 

2.2718E+0 

1.5487E+0 

3 

1 . 890QE-3 

1 . 3800E+0 

6.7919E-1 

5.1858E+0 

6.5279E+0 

4. 4335E+0 

4 

2.270QE-3 

1 . 4030E+0 

6.8789E-1 

6.3039E+0 

9.3233E+0 

6 . 3003E+0 

5 

2 . 6400E-3 

1 .4270E+0 

6.9608E-1 

6.4839E+0 

9 . 5234E+0 

6. 3974E+0 

6 

3 . 0000E-3 

1.4500E+0 

7.0398E-1 

6.7392E+0 

9 . 8934E+0 

6 . 5816E+0 

7 

3.9700E-3 

1 . 4950E+0 

7 . 1888E-1 

7.3867E+0 

1 . 1041E+1 

7.2175E+0 

8 

5 . 1800E-3 

1 . 5500E+0 

7.3577E-1 

7.8395E+0 

1 . 1392E+1 

7. 3101E+0 

9 

6.6800E-3 

1.5910E+Q 

7.4827E-1 

8 . 1118E+0 

1.1496E+1 

7. 3157E+0 

10 

8.1600E-3 

1 . 6580E+0 

7.6776E-1 

8.95S0E+0 

1 . 2521E+1 

7. 7575E+0 

11 

9.6900E-3 

1.7210E+0 

7.8636E-1 

9.4619E+0 

1.2597E+1 

7.6235E+0 

12 

1 . 1190E-2 

1 . 8010E+0 

8.088SE-1 

1.0005E+1 

1 . 2331E+1 

7. 2245E+0 

13 

1.2700E-2 

1.8890E+0 

8.3214E-1 

1 . 0837E+1 

1.2417E+1 

6.9876E+0 

14 

1 . 4220E-2 

1.9670E+0 

8.5084E-1 

1.04S3E+1 

1.0055E+1 

5.4351E+0 

IS 

1.5730E-2 

2.0370E+0 

8.6663E-1 

1.0367E+1 

8 . 7466E+0 

4.5602E+0 

16 

1.7270E-2 

2. 1080E+0 

8 . 8203E-1 

1 . 0334E+1 

7.6861E+0 

3 . 8726E+0 

17 

1.8790E-2 

2.1620E+0 

8.9372E-1 

8.3140E+0 

4.5312E+0 

2 . 2249E+0 

18 

2.0320E-2 

2.1770E+0 

8.9562E-1 

6.9026E+0 

3.0306E+0 

1.4703E+0 

19 

2.1850E-2 

2 . 1930E+0 

8.9762E-1 

S.3310E+0 

1.7520E+0 

8.4000E-1 

20 

2.3410E-2 

2.1930E+0 

8.9822E-1 

4.0989E+0 

1.0349E+0 

4.9582E-1 

D  21 

2.4930E-2 

2 . 1900E+0 

8 . 9512E-1 

2 . 4234E+0 

3.6159E-1 

1.7242E-1 

22 

2.6490E-2 

2. 1930E+0 

8.9592E-1 

1 . 4331E+0 

1.2568E-1 

5.9795E-2 

23 

2.7980E-2 

2. 1830E+0 

8.9292E-1 

8 . 816SE-1 

4  - 8101E-2 

2.2866E-2 

24 

2 . 7840E-2 

2. 1840E+0 

8.9302E-1 

9.9206E-1 

6.0830E-2 

2. 8908E-2 

25 

2.7870E-2 

2. 1830E+0 

8.9292E-1 

8.1490E-1 

4.1044E-2 

1.9502E-2 

26 

2.7890E-2 

2.1830E+0 

8.9292E-1 

8.28S4E-1 

4.2448E-2 

2.0172E-2 

87010408  Huck/Spina/Saits  Turbulence  Date 


X  -  1.3970E-01  UTAU  =  1.9707E+01  *HO»  *  7.2744E-01  UIMF  =■  5.7389E+02  miEW=  1.7648E-09 


I 

Y 

M 

U 

(RU)  ‘V 

-R  U’V 

U'V 

UINF 

RV  UT2 

RV  UT2 

UT2 

1 

1.6200E-3 

1 . 3630E+0 

6.7653E-1  -6.S641E-1 

3.7641E-1  -2.5642E-1 

2 

3.0640E-3 

1 . 4SS0E+0 

7 . 0930E-1  -1.1637E+0 

6 . 3019E-1  -4.1869E-1 

3 

4.5230E-3 

1 - 5060E+0 

7.2649E-1  -1.7978E+0 

9.4211E-1  -6.1456E-1 

4 

5.9780E-3 

1 . 5440E+0 

7 . 373SE-1  -2-S840E+0 

1 . 3230E+0  -8.5623E-1 

5 

7.4180E-3 

1 . 6290E+0 

7 . 6369E-1  -3.7850E+0 

1.8360ErO  -l.a.Sw-t.^0 

6 

8. 8480E-3 

1.6850E+0 

7.8027E-1  -3.9069E+0 

1 . 8294E+0  -1.1230E+0 

7 

1 .0300E-2 

1.7500E+0 

7.9867E-1  -4.3978E+0 

1.9764E+0  -1 . 1820E+0 

8 

1 . 1780E-2 

1 . 8420E+0 

8.2430E-1  -4. 4070E+0 

1.8692E+0  -1.0747E+0 

9 

1 -3250E-2 

1.9070E+0 

8.4139E-1  -4. 3038E+0 

1.7535E+0  -9.7922E-1 

10 

1 . 4710E-2 

1.9930E+0 

8.6150E-1  -5.2543E+0 

2.0295E+0  -1 .0826E+0 

11 

1 . 6180E-2 

2.0570E+0 

8.7587E-1  -5.0945E+0 

1.8929E+0  -9.7785E-1 

12 

1.7660E-2 

2. 1260E+0 

8.9095E-1  -3.2441E+0 

1.1551E+0  -5.7719E-1 

13 

1.9130E-2 

2.1660E+0 

8.9939E-1  -2.0362E+0 

7.0749E-1  -3 . 4657E-1 

14 

2. 0590E-2 

2 . 1820E+0 

9.0161E-1  -1.8172E+0 

6 . 2564E-1  -3.0285E-1 

15 

2.2060E-2 

2 . 1930E+0 

9 .0221E-1  -7.9480E-1 

2.7190K-1  -1.3026E-1 

16 

2 . 3550E-2 

2 . 1930E+0 

9.0301E-1  -2. 6613E-1 

9.0996E-2  -4.J602E-2 

D  17 

2 . 5010E-2 

2 . 1890E+0 

8 . 9980E-1  -7 . 1402E-2 

2 . 4487E2  -1.1680E-2 

18 

2 . 6490E-2 

2 . 1930E+0 

9.0090E-1 

1.3517E-2 

-4.6252E-3 

2.2012E-3 

19 

2.7980E-2 

2.1830E+0 

8.9789E-1 

1 . 4636E-2 

-5.0349E-3 

2. 3944E-3 

20 

2. 9430E-2 

2.18401+0 

8.9829E-1  -5.6308E-3 

1.9366E-3  -9. 1837E-4 

21 

3. 0930E-2 

2.1830E+0 

8.9829E-1  -1 . 9541E-3 

6.7277E-4  -3.1924E-4 

22 

3 . 2440E-2 

2 . 1860E+0 

8.9869E-1  -1.4445E-3 

4.9609E-4  -2. 3425E-4 

23 

3. 3900E-2 

2.1930B+0 

8.9909E-1  -1.0247E-3 

3.S061K-4  -1.6501E-4 

I2K-S 


*  70  )-('-/> 


87010506  Muck/ Spina/ Saits  Turbulence  Data 

X  *  1. 27001-02  UTAU  =  7.9006B+00  RBOV  *  7.3374E-01  UIRF  »  S.7133E+02  HUEV=  1.73918-05 


I 

Y 

H 

U 

(RU)  * 

R  U'2 

U'2 

VINT 

rv  UT 

RV  UT2 

UT2 

1 

2.0000E-3 

6.83908-1 

3.7986E-1 

9 . 6536E+0 

6.5904E+1 

6.2187E+1 

2 

3.25908-3 

8.7690E-1 

4.7300E-1 

1 . 3188E+1 

9.95018+1 

9.03258+1 

3 

4.6950E-3 

1.0750E+0 

5.6022E-1 

1.7714E+1 

1.3697E+2 

1 . 1681E+2 

4 

6.1360E-3 

1 . 2510E+0 

6.3054E-1 

2 . 1913E+1 

1.60988+2 

1. 2914E+2 

5 

7.5630E-3 

1.4070E+0 

6 . 8615E-1 

2 . 3901E+1 

1.49078+2 

1 . 1261E+2 

6 

9.0230E-3 

1.5700E+0 

7.3899B-1 

2 . 3304E+1 

1 . 0865E+2 

7.7165E+1 

7 

1. 0480E-2 

1.7170E+0 

7.8294E-1 

2 . 0193E+1 

6.4614E+1 

4. 3789E+1 

8 

1 . 1920E-2 

1 . 8400E+0 

8.1632E-1 

1.8190E+1 

4 . 3283E+1 

2.8304E+1 

9 

1 . 3360E-2 

1.9860E+0 

8.5307E-1 

1.69508+1 

3 . 0188E+1 

1.90748+1 

10 

1 .4780E-2 

2.1450E+0 

8.8912E-1 

1.7267E+1 

2.5489E+1 

1.5974E+1 

11 

1.6250E-2 

2 . 3580E+0 

9.3050E-1 

1 . 9064E+1 

2.5864E+1 

1.7500E+1 

D  12 

1.7700E-2 

2.6600E+0 

9.7979E-1 

1 • 1648E+1 

8.4146E+0 

7.0634E+0 

87010603  Muck/Spina/Saits  Turbulence  Data 

X  *  1.27001-02  UTAU  *  7.8623E+00  RHOV  =  7.4091E-01  UIWF  =  5.7456E+02  HUEV=  1.72S9E-05 


I 

Y 

H 

U 

(RU>  fV 

-R  U'V' 

U'V 

VINT 

RV  UT2 

RV  UT2 

UT2 

1 

2.0000E-3 

6.8390E-1 

3.7592E-1  -5.9680E+0 

5. 0272E+0  -4.7425E+0 

2 

3 . 3800E-3 

8.8320E-1 

4.7093E-1  -1.3292E+1 

1 .Q134E+1  -9.2014E+0 

3 

4 . 8120E-3 

1.09808+0 

5.6408E-1  -2. 8736E+1 

1.9384E+1  -1.6483E+1 

4 

6 .2520E-3 

1.2630E+0 

6.2869E-1  -3.64218+1 

2 . 2228E+1  ~1 . 7764E+1 

5 

7.6850E-3 

1.4270E +0 

6.8558E-1  -3.9573E+1 

2 . 1822E+1  -1.6361E+1 

6 

9.1310E-3 

1.5840E+0 

7 . 3553E-1  -5.0789E+1 

2 .5354E+1  -1.7941E+1 

7 

1.0580E-2 

1.7320E+0 

7.7912E-1  -5 . 2284E+1 

2.3775E+1  -1.6024E+1 

8 

1.20108-2 

1.85108+0 

8.10798-1  -4. 45418+1 

1 . 87948+1  -1.2252E+1 

9 

1.34308-2 

1.99708+0 

8 . 4686E-1  -4.0293E+1 

1.5527E+1  -9.7893E+0 

10 

1.4850E-2 

2.1570E+0 

8 . 8244E-1  -1 . 3464E+1 

4 . 7059E+0  -2.9534E+0 

11 

1 . 6320E-2 

2. 3540E+0 

9 . 2007E-1 

4.1519E+1 

-1.2904E+1 

8 . 75228+0 

D  12 

1.77708-2 

2 . 6780E+0 

9. 7226E-1 

4.0179E+0 

-1 .0386E+0 

8.8344E-1 

87010507  Huck/Spina/Saits  Turbulence  Data 

X  *  2.5400E-02  UTAU  >  1.0859E+01  RHOV  -  8.3300E-01  UINP  =  5.7133E+02  KuE'rf-  1.7347E-05 


I 

Y 

M 

U 

(RU)  ’ 

R  U*  2 

U'  2 

UXRF 

RV  UT 

RV  UT2 

UT2 

1 

2.00001’ 3 

7. 6800E-1 

4,20818-1 

7.8711E+0 

3.8778E+1 

3. 4786E+1 

2 

3.24208-3 

8.77008-1 

4.7153E-1 

9.0752E+0 

4.5996E+1 

4.0765E+1 

3 

4.69208-3 

1.05308+0 

5.4869E-1 

1 . 2333E+1 

6.74478+1 

5. 7041E+1 

4 

6.15208-3 

1.23108+0 

6. 1976E-1 

1.52288+1 

7.8960E+1 

6 . 2864E+1 

5 

7.59208-3 

1.39708+0 

6.8011E-1 

1.7098E+1 

7.6440E+1 

5.7162E+1 

6 

9.02208-3 

1.55408+0 

7.3172E-1 

1 .83968+1 

6.64218+2 

4.92238+2 

7 

1.04508-2 

1.68108+0 

7.7045E-1 

1 . 7878E+1 

5.22968+1 

3.4969E+1 

8 

1.1930E-2 

1.84708+0 

8.16068-1 

1.5753K+1 

3.0931E+1 

1.94508+1 

9 

1.33808-2 

1.96108+0 

8.43588-1 

1.4303E+1 

2.1299E+1 

1.29228+1 

10 

1.48608-2 

2.08308+0 

8.71698-1 

1.19988+1 

1 . 2690E+1 

7.59171+0 

D  11 

1.63108-2 

2.18608+0 

8.93328-1 

1.0106E+1 

8 . 0936E+0 

4.94648+0 

12 

1.77908-2 

2.18008+0 

8.89488-1 

1.28698+1 

1 .52288+1 

1.07218+1 

13 

1.92408-2 

2.23008+0 

8.97848-1 

9.58228+0 

9. 8435E+0 

8.58958+0 

8701*07 


IJK-V 


87010604  Muck/Spina/Snit#  Turbulence  Data 

X  «  2. 5400E-02  UTAU  =■  1.0942E+01  RHOV  =  8.2031E-01  UINF  =  5.7456E+02  KUEV-  1.7557E-05 


I 

Y 

M 

U 

(RU)  'V 

-R  U'V 

U'V 

UINF 

RV  UT2 

RV  UT2 

UT2 

1 

2.0000E-3 

7.6800E-1 

4.2187E-1  -5.2635E+0 

4 . 2589E+0 

-3,8254E*0 

2 

3 . 4400E-3 

8.9400E-1 

4.8031E-1  -9.5135E+0 

7 . 2089E+0 

-6.3668E+0 

3 

4.8910E-3 

1.0610E+Q 

S.5333E-1  -1 . 3684E+1 

9.4343E+0 

-7.9906E+0 

4 

6 . 3320E-3 

1.2430E+0 

6.2596E-1  -1.6077E+1 

9.9327E+0 

-7.8958E+0 

5 

7.7600E-3 

1 . 4020E+0 

6.8331E-1  -2. 9247E+1 

1.6377E+1 

-1.2254E+1 

6 

9.1730E-3 

1 . 5620E+0 

7.3603E-X  -2.6516E+1 

1 . 3424E+1 

-9.4143E+0 

7 

1.0610E-2 

1 . 6980E+0 

7.7722E-1  -2.4356E+1 

1.1313E+1 

-7.5263E+0 

8 

1.2080E  2 

1.8570E+0 

8.2088E-1  -2. 6007E+1 

1.0929E+1 

-6.8573E+0 

9 

1.3540E-2 

1.9810E+0 

8.5054E-1  -2.3257E+1 

9.0505E+0 

-5.4650E+0 

10 

1 . 4980E-2 

2 . 0900E+0 

8.7547E-1  -1.3739E-H 

5.0007E+0 

-2.9944E+0 

D  11 

1 . 6440E-2 

2.1890E+0 

8.9577E-1 

7. 08 24E+0 

-2.4287E+0 

1 . 4968E+0 

12 

1 .7920E-2 

2 . 1850E+0 

8.9262E-1 

4 . 8459E+1 

-1 . 6655E+1 

1.1959E+1 

13 

1 . 9370E-2 

2 . 2420E+0 

9.0228E-1 

1.6286E+1 

-5.4103E+0 

4 . 8011E+0 

87010508  Huck/Spina/Saits  Turbulence  Data 

X  =  4. 1400E-02  UTAU  =  1.2067E+01  RHOV  =  9.1264E-01  UIHF  =  5.7133E+02  MUEV*  1.7311E-05 


1 

Y 

M 

U 

(RU)’ 

R  U‘  2 

U  ’  2 

UINF 

RV  UT 

RV  UT2 

UT2 

1 

2.0000E-3 

8.4220E-1 

4.5784E-1 

6.9912E+0 

2 .6529E+1 

2. 2093E+1 

2 

3.2900E-3 

9. 3740E-1 

5.0053E-1 

8.7377E+0 

3.7560E+1 

3 . 1  *  51E+i 

3 

4.7000E-3 

1.0490E+0 

5.4915E-1 

1-0343E+1 

4.5986E+1 

3.'  »24E+1 

4 

6.1800E-3 

1.1690E+0 

5.9737E-1 

1.2928E+1 

6.0744E+1 

4.7987E+1 

5 

7.6400E-3 

1 . 3440E+0 

6.6368E-1 

1 . 4135E+1 

5.5726E+1 

4.1637E+1 

6 

9.1000E-3 

1.4670E+Q 

7 . 0608E-1 

1.6136E+1 

5 . 9664E+1 

4 . 2656E+1 

7 

1.0560B-2 

1.6390E+0 

7.6003E-1 

1.7043E+1 

5.0009E+1 

3 . 3355E+1 

8 

1.2040E-2 

1.7490E+0 

7.9195E-1 

1 . 5376E+1 

3 . 3833E+1 

2. 1566E+1 

9 

1.3510E-2 

1 . 894QE+0 

8.3119E-1 

1.3141E+1 

1.9316E+1 

1 . I568E+I 

10 

1.4970E-2 

1 . 9730E+0 

8.5026E-1 

1.0565E+1 

1 . 0974E+1 

6.3849E+0 

11 

1.6430E-2 

2.0860E+0 

8.7477E-1 

7.9040E+0 

5 . 1089E+0 

2.8457E+0 

12 

1.7900E-2 

2. 1250E+0 

8.8119E-1 

5. 3723E+0 

2. 2485E+0 

1 . 2532E+0 

13 

1.9380E-2 

2 . 1910E+0 

6.9374E-1 

4. 1S10E+0 

1 . 2678E+0 

7. 2372E-1 

D  14 

2.0860E-2 

2 . 3810E+0 

9.3030E-1 

1.4271E+1 

1.3773E+1 

9.0967E+0 

15 

2.2320E-2 

2 . 5750E+0 

9 . 6242E-1 

7 . 9628E+0 

5.0602E+0 

4.9602E+0 

87010605  Muck/Spma/Snits  Turbulence  Data 


X  =  4.1400E-02  ITTAU  =  1.2140E+01  RHOV  *  9.0174E-01  UINF  =  5.7456E+02  MUEV=  1.7475E-05 


I 

Y 

H 

U 

(RU) 'V 

-R  U'V 

U'V 

UINF 

RV  UT2 

RV  UT2 

UT2 

1 

2.0000E-3 

8.4220E-1 

4.5793E-1  -4.7235E+0 

3.6795E+0  -3 .0625E+0 

2 

3 . 4120E-3 

9.4810E-1 

5.0537E-1  -6.6091E+0 

4.8608E+0  -4.0240E+0 

3 

4.8440E-3 

1 .0500E+0 

5.4975E-1  -9.8321E+0 

6 . 8212E+0  -5.5747E+0 

4 

6.2770E-3 

1.1750E+0 

5.9957E-1  -1.4601E+1 

9  - 4061E+0  -7 . 4175E+0 

5 

7.7320E-3 

1. 3580E+0 

6.6866E-1  -1 . 8814E+1 

1 . 0833E+1  -8.0498E+0 

6 

9.1570E-3 

1 . 4720E+0 

7.0760E-1  *1 .7913E+1 

9.6009E+0  -6.8524E+0 

7 

1.0600E-2 

1 . 6400E+0 

7.6048E-1  -2.0465E+1 

9.8592E+0  -6.5716E+0 

8 

1.2030E-2 

1.7470E+0 

7.9162E-1  -1.9864E+1 

8.9425E+0  -5.7016E+0 

9 

1.3480E-2 

1.8910E+0 

8.3066E-1  -1.7605E+1 

7.2425E+0  -4.3413E+0 

10 

1.4950E-2 

1. 9730E+0 

8. 5033E-1  -1. 3253E+1 

5. 1847E+0  -3.0173E+0 

11 

1 . 6390E-2 

2 . 0850E+0 

8.7484E-1  -5 . 2385E+0 

1.9132E+0  -1.0656E+0 

12 

1.7810E-2 

2. 1210E+0 

8.8057E-1  -8.9226E-1 

3.1862E-1  -1.7750E-1 

13 

1.9220E-2 

2 . 1810E+0 

8.9204E-1 

9.9056E+0 

-3.4127E+0 

1 . 9392E+0 

D  14 

2.0700E-2 

2 . 3640E+0 

9.2752E-1 

8.0325E+1 

-2.4833E+1 

1 . 5871E+1 

15 

2.2150E-2 

2.6010E+0 

9.6686E-1 

8 . 87  30E+0 

-2. 3944E+0 

2 . 1986E+0 

12K-10 


K7DI-C-K 


87010511  Muck/Spina/Sait#  Turbulence  Data 

X  -  9. 5200E-02  UTAU  =  1.61358401  RHOV  »  9.79448-01  UIMF  «  5.71338402  HUBV-  1.7552E-05 


I 

Y 

K 

U 

(RU)  * 

R  U '  2 

U'  2 

UIMF 

RV  UT 

RV  UT2 

UT2 

1 

2.0000E-3 

1.0820E+0 

5.6568E-1 

6 . 1476E+0 

1 . 4882E+1 

1.1530841 

2 

3.41008-3 

1.1590E+0 

5.9754E-1 

7.1520E+0 

1.8523E+1 

1.4406E41 

3 

4.8800E-3 

1.216QE+0 

6.1935E-1 

7.6985E+0 

1.9935841 

1.5395841 

4 

6 . 3600E-3 

1 . 2890E+0 

6.4623E-1 

8.3574E+0 

2.1203E41 

1.6122E41 

5 

7.8300E-3 

1 . 3630E+0 

6.7302E-1 

9.6121840 

2.5153E+1 

1.8758841 

6 

9.2800E-3 

1.4600E+0 

7.0638E-1 

1.078001 

2.7172E+1 

1.9625E41 

7 

1 . 07508-2 

1.5570E40 

7 . 3764E-1 

1 . 1422E+1 

2.5826E41 

1.7853841 

8 

1 . 2220E-2 

1 . 6780840 

7.7488E-1 

1.267701 

2.5903E41 

1.6999841 

9 

1.3700E-2 

1.7830840 

8.05458-1 

1 . 1312E+1 

1.71998+1 

1.0745841 

10 

1.5170E-2 

1.8750840 

8 . 3094E-1 

1.1331E+1 

1 . 4661E+1 

8.7521840 

11 

1.6650E-2 

1.9460E+0 

8.4767E-1 

9. 1777E+0 

8 . 4494E+0 

4.8468E40 

12 

1.8110E-2 

1.9950E+0 

8.5803E-1 

6 . 8482E+0 

4.2793E+0 

2.3750E40 

D  13 

1.9610E-2 

2.0100E+0 

8.6072E-1 

5.5193E+0 

2.6951E+0 

1.4778840 

14 

2.1110E-2 

2.0150E+0 

8 . 6171E-1 

3 . 2023E+0 

8.9645E-1 

4.8858E-1 

15 

2.2570E-2 

2.0090E+0 

8.5912E-1 

2 . 0942E+0 

3.8612E-1 

2 . 1044E-1 

16 

2.4080K-2 

2.0080E+0 

8.5753K-1 

1. 3933E+0 

1.7088E-1 

9. 3027E-2 

17 

2.5570K-2 

2 . 0020E+0 

8.5524E-1 

1.0070840 

9.0153E-2 

4.9182E-2 

18 

2.7050E-2 

2 . 0020840 

8.55748-1 

1.0776840 

1 . 04108-1 

5.7254E-2 

19 

2 . 8560E-2 

2.0020840 

8.55848-1 

9.9210E-1 

8.8884E-2 

4.9250E-2 

20 

3.0060K-2 

1 . 9950E+0 

8.5424E-1 

1.0083E+0 

9. 3474E-2 

5. 2297E-2 

21 

J.1550E-2 

2.0090E+0 

8.5743E-1 

1.0267840 

9.5581E-2 

5. 3646E-2 

22 

3.3080E-2 

2.0240E+0 

8.6062E-1 

1.011584-0 

9.1433E-2 

5.1511E-2 

23 

3.4590E-2 

2 . 0340E+0 

8.6271E-1 

9.7217E-1 

8 . 3942E-2 

4.7609E-2 

24 

3 , 6100E-2 

2.1040E+0 

8.7814E-1 

3 . 9543E+0 

1 . 3227E+0 

7.7945E-1 

25 

3.7620E-2 

2. 3280E+0 

9.2444E-1 

4 . 9760E+0 

2. 5263E+0 

2.3615E40 

26 

3.9150E-2 

3 . 1680E+0 

1 . 0465E+0 

3.6420E-1 

8 . 3666E-3 

1.2420E-2 

87010608  Huck/Spina/Saits  Turbulence  Data 

X  =  9.5200E-02  UTAU  =  1.6194E+01  RHOV  =  9.7239E-01  UIHP  =  5.7456E+02  MUEV=  1.7651E-05 


I 

Y 

M 

U 

(RU)  'V 

-R  U'V' 

U'V 

VI NF 

RV  UT2 

RV  in 2 

UT2 

1 

2.0000E-3 

1.0820840 

5.6458E-1  -8.10218-1 

5.5171E-1  -4.2734E-1 

2 

3 . 4430E-3 

1.1600840 

5.9708E-1  -1.7077840 

1.1100840  -8.6435E-1 

3 

4.8240E-3 

1.2140840 

6 . 1755E-1  -2.2774E40 

1.4322840  -1.1056840 

4 

6.20408-3 

1.2790840 

6.41408-1  -4.2045E40 

2.5412E+0  -1.9384840 

5 

7.66408-3 

1.3510840 

6.6774E-1  -6.7496E40 

3.9006E40  -2.9209840 

6 

9.12408-3 

1.4480840 

7.0123E-1  -8.7417E40 

4.7547E+0  -3.4509E40 

7 

1.05708-2 

1.5400840 

7.3104E-1  -1.0914E41 

5.S999E40  -3.9006E40 

0 

1.20108-2 

1.6620840 

7.68518-1  -1.3680841 

6 . 4992E+0  -4.2988840 

9 

1.34408-2 

1.7620840 

7.97938-1  -1.5850841 

7 .0696E+0  -4.4579E+0 

10 

1.49208-2 

1.8580840 

8.2476E-1  -1.2484841 

5.2446840  -3.1580840 

11 

1.63908-2 

1.9360840 

3.4354E-1  -1.2554841 

5.0239E+0  -2.9004E40 

12 

1.78608-2 

1.9920840 

8.55968-1  -1.1550841 

4.4634840  -2.4856E40 

D  13 

1.93208-2 

2.0090840 

8.58758-1  -6.4845E40 

2.4805840  -1.3619840 

14 

2.08108 -2 

2.0160840 

8.60448-1  -3. 58098+0 

1.3638840  -7.43638-1 

15 

2.22908-2 

2.0090840 

8.57658-1  -1.5267840 

5.83938-1  -3.18258-1 

16 

2.37608-2 

2.0090840 

8.56268-1  -3.76488-1 

1.44008-1  -7.84058-2 

17 

2.52308-2 

2.0020840 

8.53388-1  -7.66378-2 

2.94398-2  -1.60348-2 

18 

2.67008-2 

2.0020840 

8.53988-1 

1.16198-1 

-4.46348-2 

2.45218-2 

19 

2.81708-2 

2.0020E40 

8.54178-1 

1.51938-1 

-5.83718-2 

3.22848-2 

20 

2.96608-2 

1.9980840 

8.53288-1 

1.90568-1 

-7.33678-2 

4.09338-2 

21 

3.11308-2 

2.0060840 

8.55078-1 

2.23558-1 

-8.56598-2 

4.79988-2 

22 

3.26108-2 

2.0160840 

8.57268-1 

2.30508-1 

-8.77668-2 

4.94568-2 

23 

3.41008-2 

2.0300840 

8.60248-1 

2.73578-1 

-1.03298-1 

5.83158-2 

8702- A- 1 


I2L-I 


8702 


Blowdown  tunnel  with  symmetrical  contoured  nozzle.  Max.  running  tine  "several 
■inutes",  normally  60  seconds.  W  =  H  -  203  mi.  L  up  to  2.7  ■. 

PO:  0.69  MN/*2.  TO:  260  -  310  K.  Air.  Re/*  x  10“*:  63. 

JAYARAM  M. ,  TAYLOR  M.W. ,  SMITS  A. J. ,  1987.  The  response  of  a  compressible  turbulent 
boundary  layer  to  short  regions  of  concave  surface  curvature.  J.  Fluid  Mech.  175, 
343-362. 

And:  Jayaram  et  al,  (1985),  Donovan  &  S*its  (1987),  Taylor,  M.W.,  CAT8401T. 

A. J. Suits,  data  tapes  and  private  coonuni cat ions. 


M:  2.9 

R  Theta  x  10“3:  90 
W/TR:  1.1 


1  The  nean  flow  for  these  tests  is  described  in  CAT8401T,  q.v..  This  entry  is  concerned 

only  with  the  turbulence  measurements  on  three  of  the  four  curved  ranps,  corresponding  to 
CAT8401T  series  01,  02  and  04.  The  data  for  the  first  two  series,  obtained  by  Jayara* 
et  al.,  has  been  supplemented  by  the  recent  data  of  Donovan  &  Saits  (1987)  for  series  04. 

8  The  data  were  measured  along  a  line  12.7  mm  off  the  centreline.  Probes  were  supported 
from  the  tunnel  roof  oppcsite  the  test  surface.  The  traverses  were  made  normal  to  the 
surface  at  the  profile  jtation.  The  copper^plated,  soft-soldered,  sensor  wires  (d  =  5  /mt 
active  length  about  0.8  mm)  were  slightly  slackened  to  avoid  strain-gauging.  The  inclined 
wires  were  set  at  about  60*  to  the  mean-flow  direction.  The  support  prongs  were  about  2  mm 
long  and  mounted  in  a  cylindrical  holder  (d  =  2.5-4  m)  the  front  of  which  formed  a  wedge 
with  30°  included  angle.  The  wires  were  operated  in  the  const ant- temperature  mode,  using 

a  DISA  55M10  anemometer.  The  system  frequency  response  was  typically  10  Hz  -  120  kHz. 

The  techniques  are  described  in  Smits  et  al.  (1983)  and  Smits  &  Muck  (1984).  The  authors 
warn  that  HWP  data  (inclined  wires  only,  Smits  PC)  for  mean  flow  Mach  numbers  below  1.2 
may  be  of  dubious  quality  as  a  result  of  calibration  difficulties  in  the  transonic  range. 

13  Five  series  of  turbulence  profiles  are  given.  Scries  870201/02  are  inclined-wire  profiles 
corresponding  to  the  mean  flow  series  CAT840101/02.  Series  870203/04  are  normal-wire 
profiles  again  for  840101/02.  There  are  no  turbulence  data  corresponding  to  840103. 

Series  870205  gives  three  normal-wire  profiles  for  the  mean  flow  of  840104.  The  last  two 
digits  of  the  profile  numbers  are  the  same  for  CAT8401T  and  CAT8702T,  save  that  870501 
was  measured  upstream  of  840401,  at  X  =  -0.0635  m.  There  are  no  turbulence  profiles  for 
84010101/2,  84010201/2/12  otherwise  there  are  both  normal  and  inclined-wire  profiles  for 
both  series.  For  840104,  the  three  profiles  correspond  to  840401/07/11. 

9  The  authors  have  interpolated  the  mean-flow  data  to  the  Y-values  of  the  hot-wire  probes, 

10  and  incorporated  no  profile  corrections.  The  editors  have  selected  a  D-state  on  the  basis 
13  of  the  total  pressure  profiles.  Otherwise  the  profiles  are  presented  incorporating  the 

assumptions  and  data- reduct ion  procedures  of  the  authors.  The  wall  data  are  also  those 
•v.  presented  with  the  profiles,  which  describe  boundary  layers  subjected  to  distributed 

simple-wave  compression  caused  by  concave  curved  surfaces. 

S  DATA:  87020101-0503.  Mean  flow  from  CAT8401T.  Normal  and  inclined-wire  turbulence 
profiles.  NX  =  9,  14,  9,  14,  3. 


15  Editors*  coientB. 

These  results  are  the  first  to  become  available  in  which  reasonably  complete  coverage  of 
the  turbulent  structure  of  a  simple  wave  APG  flow  is  presented.  They  for*  part  of  a 
systematic  series  studying  the  effect  of  "extra  strain  rates"  ou  supersonic  turbulent 
boundary  layers.  Other  closely  related  experiments  are  Fernando  &  Smits  (CAT8601T),  in 
which  the  longitudinal  pressure  gradient  of  CAT  840102/  870202/04  was  reproduced  on  a 
straight  wall  by  a  reflected  wave  structure,  and  Settles  (CAT7904T  -  mean  flow),  Smits  A 
Muck  (CAT8701T  -  turbulence)  whose  studies  of  compression-corner  flows  include  8°  and 
16*  cases  giving  the  same  turning  as  for  870201-04/05  (see  "Editors*  comments"  for 
CAT8701T).  Other  comparable  studies  are  those  of  Sturek  &  Danberg,  CAT7101,  and  Laderman, 
CAT7803S. 


12L-2 


8702-A-2 


The  turbulence  profiles  do  not  go  very  close  to  the  wall,  so  that  the  aeon-flow  data 
given  with  thea  should  not  be  used  to  deteraine  integral  values,  which  would  be  seriously 
in  error.  The  integral  thicknesses  etc.  should  be  taken  froa  the  aean-flow  data  of 
CAT8401T. 

The  flow  just  outside  the  boundary  layer  is  shock-free  so  that  a  rational  assessaent  of 
the  edge-state  is  possible  froa  the  PO  profile.  The  data  are  discussed  in  10.2  and  11.2/3 
while  aeen  flow  and  turbulence  profiles  are  given  in  figures  (10.2.2-7,  11.2.11-16, 
11.3.2-5). 


Table  1:  Relationship  of  hot-wire  profiles  to  mean  flow 

Note:  The  final  two  digits  of  the  profile  serial  numbers  are  the  saae  for  the  hot-wire 
profiles  and  the  related  aean  flow  data. 


870201,  870203  870202,  870204  870206 

with  840101  with  840102  with  840104 


at  X  =  at 


03 

-0.0127 

03 

04 

0 

04 

05 

0.0127 

05 

06 

0.0254 

06 

07 

0.0508 

07 

08 

0.0762 

08 

09 

0.1143 

09 

10 

0.1524 

10 

11 

0.1778 

11 

13 

14 

15 

16 

17 

at  X  = 


0.0127 

01 

-0.0254 

0 

07 

0.1524 

0.0127 

11 

0.254 

0.0254 

0.0508 

0.0762 

0.1016 

0.1270 

0.1524 

0.2032 

0.2286 

0.2540 

0.2794 

0.3175 


8702-C- 1 


87020105  Jayaraa/Foraica/Saita  Turbulence  Data 

X  »  1. 27001-02  UTAU  -  2. 02261*01  RHOV  •  3.32201-01  UIHF  -  5.87051*02  KUEV«  1.76621-05 


1 

Y 

N 

U  (RU)’V 

Uixr  RV  UT2 

-R  U’V  U'V 

RV  UT2  UT2 

1 

3.30001-3 

1.74301*0 

7.87471-1  -3.92541*0 

1.77211*0  -1.14141*0 

2 

4.51101-3 

1.81101*0 

8.0511E-1  -4.03081*0 

1.74401+0  -1.10681+0 

3 

$.94301-3 

1 . 9100E+0 

8.28621-1  -3.86671*0 

1.57241+0  -9.68831-1 

4 

7.38601-3 

2.00201*0 

8.50531-1  -3.38131*0 

1.29831+0  -7.82481-1 

5 

8.83601-3 

2.12701*0 

8.78421-1 

-3.15261*0 

1.12161*0  -6.526J1-1 

6 

1.02601-2 

2.21301*0 

8.95061-1  -3.13411+0 

1.05881+0  -6.03481-1 

7 

1.17001-2 

2-33401*0 

9 . 1797E-1  -2.94961*0 

9.27581-1  -5.10551-1 

8 

1.31201-2 

2.40201*0 

9.30131-1  -2.28691*0 

6.91251-1  -3.70521-1 

9 

1.45701-2 

2.45401+0 

9.37601-1  -2.15451*0 

6.32161-1  -3.29841-1 

10 

1.6020E-2 

2.53901*0 

9.50751-1  -2.06411*0 

5.76861-1  -2.89211-1 

11 

1.74401-2 

2.59401+0 

9.58911  1  -1.43441+0 

3.88661-1  -1.89861-1 

12 

1.88101-2 

2.68701*0 

9.72661-1  -1.37551*0 

3.53741-1  -1.65691-1 

13 

2.02101-2 

2.72901+0 

9.77341-1  -8.63571-1 

2.17081-1  -9.95381-2 

14 

2.16701-2 

2.77601*0 

9.82921-1  -6.81041-1 

1.66811-1  -7.47561-2 

15 

2.31301-2 

2.82701*0 

9.88801-1 

1.81911-1 

-4.33591-2  1.89691-2 

16 

2.45801-2 

2.83401+0 

9.88801-1  -1.96411-1 

4.66431-2  -2.03031-2 

D  17 

2.60201-2 

2.85701*0 

9.90691-1 

7.53851-3 

-1.76761-3  7.59751-4 

18 

2.74301-2 

2.87001*0 

9.91991-1 

6.50921-2 

-1.51561-2  6.47181-3 

19 

2.88101-2 

2.88401+0 

9.93981-1 

8.57691-2 

-1.98201-2  8.41461-3 

20 

3.02601-2 

2.88201+0 

9.93881-1 

4.82591-2 

-1.11651-2  4.74571-3 

21 

3.16401-2 

2.88401+0 

9.93981-1 

9.58991-3 

-2.21611-3  9.40501-4 

22 

3.30301-2 

2.87001*0 

9.92591-1 

2.47381-2 

-$.75721-3  2.46091-3 

23 

3.44301-2 

2.87501*0 

9.92781-1 

6.93891-3 

-1.61091-3  6.86411-4 

87020107  Jayaraa/roraica/Saits  Turbulence  Data 


X  =  5.08001-02  UTAU  »  1.90501*01  RHOV  «  4.48331-01  UIRF  »  5.87051*02  KUEW=  1. 76961-05 


I  Y  M  U  (RU) '  V  -R  U'V  U'V 

UIKF  RV  UT2  RV  UT2  UT2 

1  1 . 4200E-3  1.29201*0  6.40021-1  -2.00541*0  1.20251*0  -8.88461-1 

2  2.66101-3  1.42901+0  6.88921-1  -2.03511*0  1.12021*0  -7.8692E-1 

3  4.0340E-3  1.S640E+0  7.3184E-1  -3.76891*0  1.90591+0  -1.26591+0 

4  5 . 3830E-3  1.64201*0  7.63111-1  -5.15111+0  2.44701*0  -1.57381*0 

5  6.6580E-3  1.77401*0  7.9278E-1  -6.34791*0  2.80991*0  -1.71831*0 

6  7.8720E-J  1.86901*0  8.1788E-1  -7.34211*0  3.06231*0  -3.80401*0 

7  9.24201-3  1.94801*0  8.37591-1  -6.57281*0  2.61111*0  -1.48901*0 

8  1.05901-2  2.05601*0  8.60901-1  -6.92161*0  2.57171*0  -1.39851*0 

9  3.19501-2  2,1320 1*0  8.77031-1  -6.86961*0  2.43761*0  -1.30601*0 

10  1.33201-2  2.30501*0  9.11191-1  -6.31791*0  2.02101*0  -1.04471*0 

11  1.46701-2  2.39701*0  9.27021-1  -5.07981*0  1.54021*0  -7.97961-1 

12  1.59801-2  2.46801*0  9.39171-1  -4.29901*0  1.25131*0  -6.57271-1 

13  1.73501-2  2.55001*0  9.51321-1  -2.21301*0  6.14361-1  -3.26151-1 

14  1.86301-2  2.59701*0  9.58191-1  -1.19711*0  3.23901-1  -1.76901-1 

15  1.99701-2  2.64601*0  9.64961-1  -9.37601-1  2.46751-1  -1.39091-1 

16  2.12501-2  2.72301*0  9.74821-1  -7.09201-1  1.78911-1  -1.02691-1 

17  2.25701-2  2.82301*0  9.884611  -3.56741-1  8.51651-2  -4.96401-2 

D  18  2.38101-2  2.88701*0  9.95831-1  -1.43471-1  3.31161-2  -1.94751-2 

19  2.51801-2  2.89001*0  9.94741 -1  -1.74501-1  4.02161-2  -2.36701-2 

20  2.64701-2  2.89401*0  9.95431-1  -1.02161-1  2.34921-2  -1.38131-2 

21  2.78701-2  2.90001*0  9.95831-1  -3.11551-2  7.13761-3  -4.18131-3 

22  2.91201-2  2.90901*0  9.96831-1  -2.07381-2  4.72841-3  -2.75821-3 

23  3.04201-2  2.90001*0  9.95831-1  1.97151-3  '4. 51541-4  2.64441-4 

24  3.17101-2  2.90001*0  9.95831-1  2.79281-2  -6.39921-3  3.74811-3 

25  3.29401-2  2.90001*0  9.95831-1  3.50331-2  -8.02581-3  4.70111-3 

87020109  Jayaraa/Poraica/Saits  Turbulence  Data 


X  »  1.14301-01  UTAU  «  1 .95651*01  RHOV  *  4.98181-01  UUP  -  5.87051*02  HUEV=  1.76201-05 


I  Y  H  U  <RU>'V  -R  U'V'  U'V’ 

UIJ»r  RV  UT2  RV  UT2  UT2 

1  1.42001-3  1.37801*0  6.70081-1  -2.45331*0  1.39461*0  -1.01221*0 

2  2.70101-3  1.46501*0  6.98991-1  -2.14571*0  1.15481*0  -1.05851-1 

3  4.07401-3  1.51301*0  7.15681-1  -3.19311*0  1.66701*0  -1.14541*0 

4  5.36601-3  1.60801*0  7.45211-1  -5 .07131*0  2.49241*0  -1.65771*0 

5  6.73601-3  1.70301*0  7.70021-1  -5.25781*0  2.43441*0  -1.55021*0 

6  8.10601-3  1.76801*0  7.88901-1  -5.96761*0  2.65161*0  -1.64791*0 

7  9.45601-3  1.16401*0  8.13931-1  -7.11691*0  2.97801*0  -1.77621*0 

8  1.08101-2  1.93701*0  8.30921-1  -6.99241*0  2.79591*0  -1.60931*0 

9  1.21601-2  2.05201*0  8.56851-1  -7.37211*0  2.74601*0  -1.49251*0 

10  1.34001-2  2.12701*0  8.73041-1  -6.73691*0  2.39801*0  -1.26331*0 

11  1.47801-2  2.20101*0  8.87451-1  -6.74701*0  2.29691*0  -1.16851*0 

12  1.61601 -2  2.27001*0  9.00361-1  -6.35681*0  2.07701*0  -1.02671*0 

13  1.75301-2  2.34201*0  9.13571-1  -5.06181*0  1.51741*0  -7.58921-1 

14  1.89301-2  2.40901*0  9.25001-1  -3.57151*0  1.07561*0  -4.99931-1 

35  2.01601-2  2.44701*0  9.30161-1  -2.21371*0  6.51701-1  -2.98571-1 

16  2.14701-2  2.49301*0  9.37021-1  -1.69421*0  4.15941-1  -2.18721-1 

17  2.28301-2  2.50001*0  9.36921-1  -6.55681-1  1.87341-1  -8.42461-2 

D  18  2.41501-2  2.51701*0  9.39101-1  -2.90641-1  8.22721-2  -3.69051-2 

19  2.55501-2  2.53001*0  9.39501-1  -1.11001-1  3.87621-2  -1.73081-2 

20  2.69)01-2  2.52301*0  9.38511-1  -4.54191-2  1.28051-2  -5.76341-3 

21  2.83201-2  2.53801*0  9.41091-1  4.22751-3  -1.18191-3  5.32551-4 

22  2.971QI-2  2.53001*0  9-40501-1  2.59791-2  -7.29661-3  3.330J1-3 


L-4 


#702 -C- 


87020305  Jtyarae/Foraica/Sai t«  Turbulence  Date 

X  »  1 . 27008-02  UTAU  »  2.04368+01  MOV  -  3.25411-01  UIHF  *  5.91608+02  HUEV-  1.7948E-05 


I 

Y 

H 

U 

(RU>  ’ 

R  U’2 

U‘  2 

UIHF 

RW  UT 

RW  UT2 

U72 

l 

5. 2000E-3 

1.86408+0 

8.1890E-1 

5-12758+0 

3.1713E+0 

1.97208+0 

2 

6.5300E-3 

1 .96808*0 

8.44648-1 

5.0592B+0 

2.6352E+0 

1.59458+0 

3 

8 . 0400E-3 

2 . 04608+0 

8.62208-1 

5 . 0366E+0 

2.33138+0 

1.35878+0 

4 

9.62008-3 

2 . 18408+0 

8.91948-1 

5.26588+0 

2.06518+0 

1.18278+0 

5 

1 . 1120E-2 

2.26108*0 

9.0541E-1 

5.68UB+0 

2 . 1500E+0 

1.21128+0 

6 

1.26308-2 

2.3820E+0 

9.28758-1 

5.77508+0 

1. 8442E+0 

9.96868-1 

7 

1.42108-2 

2.44108*0 

9.3714E-1 

5.8363E+0 

1 . 7027E+0 

8.92758-1 

8 

1.58108-2 

2.5320E+0 

9.5140E-1 

6.03098+0 

1.56288+0 

7.84368-1 

9 

1.74008-2 

2.59008*0 

9.S999E-1 

6.3159E+0 

1.5579E+0 

7.60898-1 

10 

1.89708-2 

2.6940E+0 

9.74958-1 

6.39358+0 

1 . 3517E+0 

6.29548-1 

a 

2.0540E -2 

2.73808*0 

9.80048-1 

6 . 1585E+0 

1.16868+0 

5.3246E-1 

12 

2.2120E-2 

2.7940E+0 

9.8673E-1 

5.96438+0 

1.0020E+0 

4.44368-1 

13 

2.37208-2 

2.83008+0 

9.9042E-1 

5.6159E+0 

8.3812E-1 

3.64998-1 

D  14 

2.5340E-2 

2.84308*0 

9.91428-1 

4.9669E+0 

6.41618-1 

2.7743E-1 

15 

2.69208-2 

2.86808*0 

9.9311E-1 

4.4394E+0 

4.9192E-1 

2.09788-1 

16 

2.8530E-2 

2 . 8780E+0 

9.95018-1 

3.0819E+0 

2. 3350E-1 

9.9232E-2 

17 

3.01608-2 

2.8810E+0 

9.95418-1 

2. 2726E+0 

1.26408-1 

5 . 3641E-2 

18 

3.1760E-2 

2.88308 +0 

9.95518-1 

1 . 8119E+0 

8.0187E-2 

3.4002E-2 

19 

3. 32608-2 

2. 8720E+0 

9.9451E-1 

1.39748+0 

4 . 8475E-2 

2.06648-2 

20 

3.4790E-2 

2. 8720E+0 

9.93618-1 

1 . 2169E+0 

3.6753E-2 

1.5646E-2 

21 

3.6340E-2 

2 . 87008+0 

9.93818-1 

8. 1174E-1 

1.6398E-2 

6.99168-3 

22 

3.7860E-2 

2. 8700E+0 

9.94118-1 

7. 4406E-1 

1 . 3787E-2 

S.8819E-3 

23 

3.94008-2 

2.87008+0 

9.9371E-1 

7.63238-1 

1.44928-2 

6.17768-3 

87020307  Jayaraa/Foraica/Saits  Turbulence  Data 

X  -  5.0800E-02  UTAU  «  1.9205E+01  RHOV  =  4.4112E-01  UIHF  »  5.9160E+02  HUE**  1.7921E-05 


I 

Y 

U 

(RU)  1 

R  U'2 

U’2 

UIHF 

RW  ITT 

RW  UT2 

UT2 

1 

2.74008-3 

1.438 0E+0 

6 . 9314E-1 

5.86768+0 

8.0294E+0 

5 . 6303E+0 

2 

4 . 1100E-3 

1 . 5670E+0 

7.3257E-1 

6.32458+0 

7 . 4912E+0 

4 .96098+0 

3 

5.61008-3 

1.68508+0 

7.6950E-1 

6.17058+0 

5.8895E+0 

3.74448+0 

4 

7.1000E-3 

1 . 8090E+0 

8.01568-1 

6.43848+0 

S. 19828+0 

3. 1319E+0 

5 

8.6100E-3 

1.9200E+0 

8.30538-1 

6.37998+0 

4.23408+0 

2.4382E+0 

6 

1.01008-2 

2.0100E+0 

8.50458-1 

6.91518+0 

4.25938+0 

2. 3526E+0 

7 

1.1610E-2 

2. 15008+0 

8 . 81Q1E-1 

7 . 1402E+0 

3.6J59E+0 

1.91138+0 

8 

1.31208-2 

2.28308+0 

9.06608-1 

7.34608+0 

3.22428+0 

3 . 6706E+0 

9 

1.45308-2 

2.38708+0 

9.25128-1 

7 . 0666E+0 

2.6260E+0 

1 . 3587E+0 

10 

1.61208-2 

2.47208+0 

9.39758-1 

6.6281E+0 

2.1241E+0 

1.U79E+0 

li 

1.7640E-2 

2.5620E+0 

9.52898-1 

6 . 1722E+0 

1.6791E+0 

8.9435B-1 

12 

1.9140E-2 

2.6070E+0 

9.5937E-1 

5.17988+0 

1.16508+0 

6 . 4471E-1 

13 

2.07108-2 

2.68808+0 

9.70228-1 

4. 1063E+0 

6 . 8584E-1 

3.9016E-1 

14 

2.2280E-2 

2 . 8050E+0 

9.8615E-1 

3. 3731E+0 

4.1330E-1 

2.3937E-1 

D  15 

2 . 3880E-2 

2.8900E+0 

9.9660E-1 

2.6162E+0 

2.29938-1 

1 . 3515E-1 

16 

2 . 5500E-2 

2.8900E+0 

9.94718-1 

1.9785E+0 

1.3144E-1 

7.7270E-2 

17 

2.70908-2 

2.90008+0 

9.9561E-1 

1.4805E+0 

7 . 2466E-2 

4.2392E-2 

18 

2.86108-2 

2.9060E+0 

9.9660E-1 

1.0399E+0 

3.5460E-2 

2.0706E-2 

19 

3.01608-2 

2.9000E+0 

9.95618-1 

9.4644E-1 

2.96058-2 

I . 7316E-2 

20 

3.1680E-2 

2 . 9000E+0 

9.95618-1 

6.0139E-1 

1.19578-2 

6 .9941E-3 

21 

3.3120E-2 

2. 9000E+0 

9.9561E-1 

5.8257E-1 

1 .1223E-2 

6.5643E-3 

22 

3. 4640E-2 

2.9000E+0 

9.9561E1 

5.4580E-1 

9.6457E-3 

5.7592E-3 

23 

3.61608-2 

2.90008+0 

9.9561E-1 

5.3747E-1 

9. 5443E-3 

5.58238-3 

24 

3.77108-2 

2.90008+0 

9.95618-1 

5.38478-1 

9.58858-3 

5.6087E-3 

25 

3.92508-2 

2. 9000E+0 

9.9561E-1 

5. 57438-1 

1.02668-2 

6.0037E-3 

87020309  Jayaraa/Foraiea/Saita  Turbulence  Data 

X  -  1 . 1430E-01  “XU  =  1.9686E+01  RHOV  -  4.9207E-01  UIHF  *  5.91608+02  HUEV«  1.7791E-05 


I 

Y 

N 

U 

(RU) ' 

*  U’2 

U‘2 

UIHF 

RW  UT 

RW  UT2 

UT2 

1 

2.43008-3 

1 . 44508*0 

6.91678-1 

5.7675E+0 

7.7224E+0 

5.44378+0 

2 

3.8150E-J 

1 . 50008+0 

7.10708-1 

6 . 0602E+0 

7.78848+0 

5.36888+0 

3 

5.3330E-3 

1.6070E+0 

7 .43118-1 

6.57608+0 

7.72918+0 

5.13668+0 

4 

6.86408-3 

1 .71108+0 

7.7077E-1 

6.7422E+0 

6.78258+0 

4.29918+0 

5 

8.3600E-3 

1.82908+0 

8.03578-1 

7.49498+0 

6.88778+0 

4.16558+0 

6 

9.93308-3 

1.87108+0 

8.12508-1 

7.5001E+0 

6.38478+0 

3.76848+0 

7 

1 .14108-2 

1.9790E+0 

8 . 3876E-1 

7.83618+0 

5.79681+0 

3.26318+0 

8 

1.29308-2 

2.11208+0 

8.6899t-l 

8.31128+0 

5.21168+0 

2.76748+0 

9 

1.4530E-2 

2. 1870E+0 

8.82778-1 

8.29198+0 

4.55091+0 

2.32678+0 

10 

1.61508-2 

2.26908*0 

8.98238-1 

8.00238+0 

3.69338+0 

1.82018+0 

11 

1.77401-2 

2.35101+0 

9.13208-1 

7.66608+0 

2.96658+0 

1.41148+0 

12 

1.92608-2 

2.4270E+0 

9.25998-1 

7.14148+0 

2.27488+0 

1.04778+0 

13 

2.0800E-2 

2.47408+0 

9.32048-1 

5.95868+0 

1.47388+0 

6.67158-1 

14 

2.23208-2 

2.50008+0 

9.35118-1 

5.04818+0 

1.01708+0 

4.56521-1 

D  15 

2.38501-2 

2.51008+0 

9.36508-1 

3.36998+0 

4.48488-1 

2.01658-1 

16 

2.53708-2 

2.53008+0 

9.37598-1 

2.60848+0 

2.60248-1 

1.15998-1 

17 

2.6920E-2 

2. 5230K+0 

9.36408-1 

1.82598+0 

1.29628-1 

5.82748-2 

18 

2.84508-2 

2.54008+0 

9.39378-1 

9.73088-1 

3.61788-2 

1.62898-2 

19 

2.99001-2 

2.53008+0 

9.38388-1 

8.58298-1 

2.88561-2 

1.31698*2 

8702-C-3 


1 2L- 


87020501  Jaytra»/ror»ica/Sait»  Turbulence  Data 


I  «-6. 3500X-02  UTAU  *  2.2657E+01  RHOV  «  2.8617E-01  UIHT  »  5.8099E+02  HUEV»  1.74821-05 


I 

Y 

H 

U 

(RU)  ‘ 

R  U'  2 

U'2 

UIHF 

RV  UT 

RV  UT2 

UT2 

1 

2.98001-3 

1 . 64301+0 

7 . 6070E-1 

5.9004E+0 

5 . 8962E+0 

3.8888E+0 

2 

2.74701-3 

1.73701+0 

7.8766E-1 

5.1453E+0 

3. 8099E+0 

2.4050E+0 

3 

3.69301-3 

1.82101+0 

8.1045E-1 

5. 3769E+0 

3 . 5801E+0 

2.1656E+0 

4 

4.5460E-3 

1.8960E+0 

8.2945E-1 

5.65971+0 

3 . 5280E+0 

2.0869E+0 

5 

5.1350E-3 

1.94701+0 

8.4179E-1 

5.7644E+0 

3.37901+0 

1.9664E+0 

6 

5.5080E-3 

1.97501+0 

8.4836E-1 

5.7528E+0 

3.21741+0 

1.SS42E+0 

7 

6.1640E-3 

2.01301+0 

8.5712E-1 

5.6888E+0 

2.95351+0 

1.6763E+0 

8 

6.5940E-3 

2.0400E+0 

8.6328E-1 

5. 9582E+0 

3.09711+0 

1.7387E+0 

9 

7.4520K-3 

2.0890E+0 

8.7373E-1 

6.0331E+0 

2.92301+0 

1.6044E+0 

10 

7.88701-3 

2.1170E+0 

8.7980E-1 

6,16531+0 

2 . 9068E+0 

1.5753E+0 

11 

8.3310E-3 

2 . 1470E+0 

8.8607E-1 

6.24221+0 

2.83861+0 

1.5199E+0 

12 

9. 3270E-3 

2.210OE+O 

8.9901E-1 

6. 5035E+0 

2.77751+0 

1.4493E+0 

13 

1.0130E-2 

2 . 2530E+0 

9.0697E-1 

6.5832E+0 

2 . 6501E+0 

1.3566E+0 

14 

1.1000E-2 

2 . 2980E+0 

9.1549E-1 

6.9048E+0 

2.70031+0 

1.3523E+0 

15 

1.1810E-2 

2 . 3400E+0 

9.Z289E-1 

7.0026E+0 

2.58901+0 

1.2714S+0 

16 

1.2510E-2 

2.3780E+0 

9.2935E-1 

7.3012E+0 

2.6447E+0 

1.2767E+0 

17 

1 . 3390E-2 

2.4280E+0 

9.3791E-1 

7 .5213E+0 

2.57831+0 

1. 2136E+0 

18 

1.4400E-2 

2. 4760E+0 

9.45871-1 

7.6083E+0 

2 . 4328E+0 

1.1184E+0 

19 

1.5350E-2 

2. 5140E+0 

9.5154E-1 

7.5864E+0 

2.27301+0 

1.0264S+0 

20 

1.6370E-2 

2.5680E+0 

9.5990E-1 

7.8024E+0 

2.2012E+0 

9.6943E-1 

21 

1.7390E-2 

2.6230E+0 

9.6796E-1 

7.89531+0 

2.06308+0 

8.8658E-1 

22 

1.84001-2 

2. 6700E+0 

9.7443E-1 

7.8562E+0 

1 . 90141+0 

8.0169E-1 

23 

1.9350E-2 

2.71601+0 

9.8070B-1 

7 . 5290E+0 

1.6279E+0 

6.7480E-1 

24 

2.0290E-2 

2.7550E+0 

9.85771-1 

7.37451+0 

1.4746E+0 

6.0302E-1 

25 

2.1300K-2 

2.7920E+0 

9.9015E-1 

6.72431+0 

1.1611E+0 

4.6868E-1 

26 

2 . 2330E-2 

2.6270E+0 

9.9413E-1 

6.44688+0 

1.0146E+0 

4. 0442E-1 

27 

2.3280E-2 

2.8520E+0 

9.9702E-1 

5.22771+0 

6.4331E-1 

2.5434E-1 

28 

2.4300E-2 

2.87201+0 

9.9901E-1 

4.9794E+0 

5.6682E-1 

2.2247E-1 

29 

2.5310E-2 

2.8840E+0 

1.00001+0 

4.07151+0 

3.73271-1 

1.4611K-1 

30 

2.63201-2 

2.89101+0 

1.00001+0 

3.71381+0 

3 .0792E-1 

1.2047E-1 

D  31 

2.7480E-2 

2.89901+0 

1 . 00001+0 

2.5041E+0 

1.3741E-1 

5. 3244E-2 

32 

2.8490E-2 

2.90701+0 

1.00101+0 

1.7852E+0 

6.9322E-2 

2.6882E-2 

33 

2.9500E-2 

2.90801+0 

1.0010E+0 

1.58981+0 

5.5138E-2 

2.1473E-2 

87020507  Jayar«*/for*zca/5«ita  Turbulence  Data 


X  *  1 . 5240E-01  UTAU  =  1.84021+01  RHOV  »  8.1092E-01  UIKT  «  5.8099B+02  HUEV*  1.7764E-05 


I 

Y 

M 

U 

(RU)  • 

R  U'2 

U'2 

UlMf 

RV  UT 

RV  UT2 

UT2 

1 

5.9500E-3 

1 . 4990E+0 

7.16471-1 

9.31491+0 

1.9085E+1 

1.36211+1 

2 

6 . 8290E-3 

1 . 5420E+0 

7. 2996E-1 

9.88701+0 

2.0162E+1 

1.4240E+1 

3 

7.9020E-3 

1 . 5950E+0 

7.45941-1 

1.03601+1 

2.03301+1 

1.4105E+1 

4 

9.0010E-3 

1.6590E+0 

7.65021-1 

1.06781+1 

1.94411+1 

1.3179E+1 

5 

1.0090E-2 

1 .7280E+0 

7.84601-1 

1.1471E+1 

2.00021+1 

1.3187E+1 

6 

1 . 12Q0E-2 

1 . 8040E+0 

8.04981-1 

1.11911+1 

1.67361+1 

1.0684E+1 

7 

1 . 2270E-2 

1 .8910E+0 

8.27061-1 

1.19141+1 

1.63801+1 

1.0078E+1 

8 

1. 3350E-2 

1 . 9650E+0 

8.44941-1 

1.09121+1 

1.21121+1 

7.2162E+0 

9 

1.4450E-2 

2.03801+0 

8.61821-1 

9.85861+0 

8. 74421+0 

5.0464E+0 

10 

1.55401-2 

2.09301+0 

8.73711-1 

1.00721+1 

8.30421+0 

4.6737E+0 

11 

1.6640E-2 

2.14401+0 

8.84201-1 

8.48141+0 

5.41571+0 

2.9840E+0 

12 

1 .7650E-2 

2.17301+0 

8.89801-1 

6.91601+0 

3.43231+0 

1.8697E+0 

0  13 

1 . 8650E-2 

2.19801+0 

8.94391-1 

$.82881+0 

2.34561+0 

1.26711+0 

14 

1.96801-2 

2.21301+0 

8.96791-1 

4.02151+0 

1.08951+0 

5.8490E-1 

15 

2.0720E-2 

2.22301+0 

8.98291-1 

3.06381+0 

6.23291-1 

3.33891-1 

16 

2. 1800E-2 

2.22701+0 

8.98491-1 

2.3S091+0 

3.65421-1 

1.95871-  1 

17 

2.2880E-2 

2.23101+0 

8.98691-1 

1.65651+0 

1.80561-1 

9.6769E-2 

18 

2 . 3840E-2 

2.23401+0 

8.98891-1 

1.43571+0 

1.35351-1 

7.2690E-2 

19 

2.48501-2 

2.23501+0 

8.98391-1 

7.09881-1 

3.31251-2 

1.7828E-2 

1 2L-6 


K7U2-C-4 


87020511  Jayaraa/Foraica/Snits  Turbulence  Data 

X  =  2.5400B-01  UTAH  *  2.0336E+01  RHOV  =  8.3301E-01  UIHF  =  5.8099E+02  MUEW=  1.7905E-05 


1 

Y 

M 

U 

(RU)' 

R  U’2 

U'  2 

UIMF 

RV  UT 

RW  UT2 

UT2 

1 

1.1900E-3 

1.3490E+0 

6.7158E-1 

1.0659E+1 

3. 1309E+1 

2. 3236E+1 

2 

2.1000E-3 

1.4730E+0 

7.1496E-1 

6.7965E+0 

1 . 0476E+1 

7 . 4681E+0 

3 

3. 2020E-3 

1.5350E+0 

7.3509E-1 

6.0308E+0 

7 . 4702E+0 

5.2131E+0 

4 

4. 3020E-3 

1.5650E+0 

7.4405E-1 

6.3117E+0 

7.7976E+0 

5. 3861E+0 

5 

5.3810E-3 

1. 5990E+0 

7.5421E-1 

6.3939E+0 

7.6562E+0 

5.2789E+0 

6 

6.4670E-3 

1 . 6200E+0 

7 . 6015E-1 

6.5313E+0 

7.7827E+0 

5. 3671E+0 

7 

7.5860E-3 

1 . 6600E+0 

7.7183E-1 

6 . 6220E+-0 

7.5148E+0 

5.1248E+0 

8 

8.6790E-3 

1 . 6800E+0 

7.7747E-1 

6 . 7000E+0 

7 . 4627E+0 

5. 0618E+0 

9 

9.7750E-3 

1.7160E+0 

7.8723E-1 

7 . 1920E+0 

8 . 0952E+0 

5.4123E+0 

10 

1.0840E-2 

1.7470E+0 

7 . 9538E-1 

7 . 2790E+0 

7 . 8794E+0 

5.2049E+0 

11 

1.1930E-2 

1.7900E+0 

8.0686E-1 

7.4448E+0 

7.6636E+0 

4.9735E+0 

12 

1.3000E-2 

1.8230E+0 

8.1531E-1 

7.3191E+0 

7.1554E+0 

4.6774K+0 

13 

1.4090E-2 

1 . 8710E+0 

8.2749E-1 

6 . 5310E+0 

6.1205E+0 

4 . 5661E+0 

14 

1 . 5200E-2 

1.9190E+0 

8.3907E-1 

5 . 7307E+0 

5.0334E+0 

4.2615E+0 

15 

1.6270E-2 

1.9660E+0 

8.5014E-1 

5.1356E+0 

4.2879EV0 

4.08S2E+0 

IS 

1.7370E-2 

2.0030E+0 

8.5849E-1 

4.0807E+0 

2.8951E+0 

3.0938E+0 

17 

1.8450E-2 

2.0470E+0 

8.6826E-1 

3.5978E+0 

2. 3512E+0 

2.7720E+0 

18 

1.9540E-2 

2.0710E+0 

8.7309E-1 

3.3320E+0 

2.1607E+0 

2.8129E+0 

19 

2.0650E -2 

2.1090E+0 

8.8084E-1 

2.8154E+0 

1. 5297E+0 

2.0702E+0 

20 

2.1740E-2 

2.1250E+0 

8.8386E-1 

2 . 1247E+0 

8.8169E-1 

1.2312E+0 

D  21 

2.2840E-2 

2 . 1410E+0 

8. 8688E-1 

1.8124E+0 

6.0758E-1 

8.2046E-1 

22 

2.3930E-2 

2.1580E+0 

8.8960E-1 

1 . 6831E+0 

5.0535E-1 

6.7176E-1 

23 

2. 5000E-2 

2. 1620E+0 

8.8980E-1 

1 . 2211E+0 

2. 6190E-1 

3. 4443E-1 

24 

2.6070E-2 

2 . 1650E+0 

8.8990E-1 

9 . 1950E-1 

1.4739E-1 

1.9313E-1 

25 

2.7150E-2 

2 . 1650E+0 

8.8929E-1 

6.2369E-1 

6.7946E-2 

8.9206E-2 

26 

2 .8260E-2 

2. 1650E+0 

8.8859E-1 

6.6694E-1 

7.7604E-2 

1.0176E-1 

27 

2.9350E -2 

2.1650E+0 

8.8788E-1 

4.6647E-1 

3.7961E-2 

4.9770E-2 

28 

3 . 0450E-2 

2. 1610E+0 

8.8688E-1 

3.9573E-1 

2.7559E-2 

3.6279E-2 

29 

3 . 1540E-2 

2.1570E+0 

8.8587E-1 

3.2891E-1 

1.9174E-2 

2.5288E-2 

30 

3.2630E-2 

2 . 1530E+0 

8.8507E-1 

2. 4158E-1 

1.0424E-2 

1.3791E-2 
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